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ABSTRACT

CHARACTERIZATION OF PROKARYOTIC DIVERSITY IN A CHLORINATED
SOLVENT-CONTAMINATED BEDROCK AQUIFER USING DENATURING
GRADIENT GEL ELECTROPHORESIS, RIBOSOMAL DNA SEQUENCING, AND
REAL TIME PCR

By

Walid Naser

University of New Hampshire, December, 2003

A culture-independent molecular phylogenetic approach was implemented to
investigate spatial and temporal variations in microbial diversity and abundance in a
chlorinated solvent-contaminated bedrock aquifer. Core and groundwater samples were
collected from several boreholes and included the following samples: (1) groundwater
that was associated with the core, (2) open fractures and (3) partially mineralized sealed
fractures (PMSF) exposed by striking the core with a surface-sterilized geology hammer.
DNA representing the attached and unattached microbial communities was extracted
from these samples, and the 16S rRNA gene was amplified with primers specific for
Bacteria,

Archaea,

sulfate

reducers,

Geobacteraceae

family,

Dehalorespirers

{Dehalococcoides sp. and Desulfuromonas sp.), and anaerobic methane oxidizers.
Molecular fingerprints of the samples were generated by the use of denaturing gradient
gel electrophoresis (DGGE), and were analyzed to detect spatial and seasonal changes.

xii
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DGGE fingerprints revealed significant compositional differences between the attached
and the unattached microbial communities. Cluster analysis suggested that the key factor
responsible for changes detected in the groundwater was time, not depth. PMSF
fingerprint analysis revealed depth-dependent clustering trend. DGGE profiles for
Desulfuromonas sp. revealed an unexpected level of diversity. Sequence analysis of
about 400 DGGE bands indicated the predominance of a fi-Proteobacteria-like sequence
in

the

groundwater.

a -Proteobacteria,

y-,

Cyanobacteria-,

Cytophaga/Flavobacterium/Bacterooides-, and Gram-positives including Actinobacteriaand Dehalococcoides-like sequences dominated the attached populations. A novel
sulfate-reducing community was found in the groundwater, while hydrogen-utilizing
archaea with similarity up to 94.6% to Methanospirillum hungatei dominated the PMSF
samples. Most of the groundwater archaeal sequences were affiliated with the
thermophilic Crenarchaeota and Methanosarcinales. The relative abundance of several
microbial groups, which was determined by the use of nested Real Time-PCR (nRTPCR), did not show any significant changes in the groundwater in relationship to depth or
time. However, the relative abundance of Bacteria, Archaea, Geobacteraceae, and
sulfate reducers was higher for the attached microbial communities compared to the
unattached communities in at least one of the wells studied (BBC5). Molecular evidence
also suggests the existence of anaerobic methane oxidation at this site and that hydrogen
was acting as an interspecies electron shuttle.

xiii
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1.0 Introduction
During the past six decades, xenobiotics (man-made compounds) have been used
extensively in industry and agriculture that has led to the polluting of natural resources
(Harker et al., 1989; Kuker et al., 1989). Among xenobiotics, chlorinated hydrocarbons
are at the forefront of public concern because they are a large group of environmental
pollutants that adversely affect the health of humans and wildlife (Hileman, 1993;
Fetzner, 1998). For example, 1,2-dichloroethane and vinyl chloride (VC) ranked fourth
and fifth on the list of bulk organic chemicals produced in the US in 1992, after ethane,
propene, and urea (Fetzner, 1998).
Trichloroethylene (TCE), the subject of this study, belongs to a family of
chlorinated aliphatic solvents that were manufactured to reduce the risk of fire or
explosion (Ensley, 1991). General information on the properties and history of TCE are
shown in Tables 1-1 and 1-2. Their inherent stability and solvent properties made
chlorinated aliphatic compounds the best choice for degreasing metals, dry cleaning,
fumiganting for insect and rodent control, cleaning septic tanks and military hardware
and manufacturing of plastics (Ensley, 1991) and semiconductors (Vogel et al., 1987;
Bolesch et al., 1997). TCE was also used as an anesthetic and to decaffeinate coffee
before being banned by the Food and Drug Administration (FDA) in 1976 as a potential
carcinogen and toxin (Waters et al., 1977). Carelessness in handling, storage, and
disposal and widespread use along with their stability made TCE and related compounds
among the most frequently detected xenobiotics in the environment (Ensley, 1991;
Semprini, 1995; Holliger et al., 1997).

1
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Table 1-1: General information and properties of TCE (reprinted from Waters et al.,
1977).
Property

Value

Molecular formula
Molecular weight
Boiling point
Melting point
Vapor pressure
Vapor density
Decomposition temperature
Flash point
Odor threshold
Solubility in water
Distribution coefficients of solubility
(at 20° and 37°C respectively)
Water/air
Blood /air
Plasma/air
Percentage composition
Carbon
Hydrogen
Chlorine

C2HC13
131.4
86.7°C at 760 mmHg
-87.1 °C
57.8 Pa at 20°C
4.4 at 1 atm
700°C
Non by standard methods
21.4 ppm
0.11 g/100 g H20 at 20°C
3
18-22
16-20

1.6
8-10
----

18.28%
0.77%
80.95%

Table 1-2: History of TCE (reprinted Waters et al., 1977).
1864
1906
1911
1914-1918
1915
1920s
1930s
1933
1940s
1945
1960s
1966
1975
1975
1976
1976

First prepared by Fischer
First patent held by Konsortium fur Elektrochemishe Industrie, Ntimberg
Narcotic properties discovered by Lehman
Limited use as a degreaser and solvent
Trigeminal analgesia reported by Plessner
More widespread use in metal degreasing
Use spreads to dry-cleaning industry
Jackson successfully anesthetizes dogs
Use in Great Britain as inexpensive, nonexplosive anesthetic
Use as anesthetic spreads to the US, does not gain widespread popularity
“Carbon-cult” solvent-sniffing
Use as a solvent curtailed in Los Angeles County, CA, as a result of
evidence implicating TCE in severe smog formation
Preliminary report indicating carcinogenicity
Invocation of Delaney clause sought to ban all uses in foods
FDA drafting order to ban TCE
Other chlorinated solvents proposed as substituents: methyl chloroform,
perchloroethylene, methylene chloride

2
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The concentrations of tetrachloroethene (PCE), TCE, and other halogenated
aliphatics in surface waters of Western Europe range from 0.1 to 6.0 pg/1 (Correia et al.,
1997). Under the Safe Drinking Water Act the maximum contaminant level (MCL),
which is defined as the highest acceptable concentration being protective to human health
and environment, is 5.0 p.g/1 for TCE (Federal Register, 1989). With US Superfund cases,
PCE, TCE, DCE, and YC, among other volatile organic compounds (VOC), were the
main contaminants detected in public groundwater supplies (Fetzner, 1998). TCE is
released to the atmosphere during degreasing operations, sewage treatment, and disposal
facilities, water treatment facilities, and landfills (Wu and Schaum, 2000). Rossberg et al.
(1986) estimated that the concentrations of 1,1,1 -trichloroethane, TCE, and PCE ranged
from 0.1 to 0.6 pl/m in urban air.
Fortunately, there are mammalian (Vogel et al., 1987; Ensley, 1991), abiotic
(Vogel et al., 1987, Vogel and McCarty, 1987), and microbiological systems (Vogel et
al., 1987; Ensley, 1991; Chu and Alvarez-Cohen, 1996; Krumholz et al., 1996; MaymoGatell et al., 1997; Chu and Alvarez-Cohen, 1998; Sullivan et al., 1998; Gerritse et al.,
1999; Saeki et al., 1999; Loffler et al., 2000) that can transform halogenated aliphatic
compounds to a less toxic compounds. These transformations are divided into two
general classes: reactions that require external electron transfer (oxidations and
reductions) and those that do not (substitutions and dehydrohalogenations). External
electron transfer is defined as the transfer of electrons from some agent other than the
halogenated compound itself. Substitutions and dehydrohalogenations occur in water in
the absence of inorganic or biochemical catalysts. These abiotic reactions proceed slowly
with half-lives of days to centuries (Vogel et al., 1987), but these rates are accelerated by

3
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use of biologically-derived enzymes such as hydrolases or glutathione ^-transferases
(Vogel et al., 1987; Fetzner and Lingens, 1994). The environmental half-life of TCE as a
result of hydrolysis or dehydrohalogenations is estimated to range from 0.7 to 2.5 years at
20 °C and 10 °C (in sea water), respectively (Vogel et al., 1987).
As mentioned, oxidations and reductions require external electron acceptors and
donors, respectively. In general, organic compounds act as electron donors that undergo
oxidation. Because of the electronegative character of halogen substituents on aliphatic
compounds, they behave as electron acceptors or oxidants and are reduced in the process.
Thus, halogenated aliphatics may either be oxidized or reduced, depending on their
structure and environmental conditions. In most cases, the electron acceptors and donors
used to oxidize or reduce halogenated aliphatics are derived from biological systems. The
initial products of these oxidation reactions are generally alcohols or epoxides. In the case
of reductions, these products are generally less halogenated than their precursors (Vogel
et al., 1987)

1.1 M icrobial D egradation o f C hlorinated C om pounds
Chlorinated solvents, among other contaminants, have been released into the
environment only within the past six decades (Ghaudhry and Chapalamadugu, 1991).
With such a recent history and the localized dispersal of these compounds in the
environment, the presence of organisms that are well-suited for their degradation is
interesting (Lee et al., 1998). One hypothesis for their existence is that this degradation
potential was acquired by exposure to naturally occurring organochlorines. Plants and
algae produce over 200 compounds containing chlorine, bromine, or iodine (Gribble,
1994). Volcanic eruptions also cause the release of TCE and PCE (Hoekstra and de Leer,

4
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1995). Thus, the existence of microorganisms equipped with enzyme systems capable of
degrading these compounds is not surprising (Lee et al., 1998). Microbial metabolic
pathways of chlorinated aliphatics are classified into three general schemes: anaerobic
reductive dechlorination, co-metabolism, and either aerobic or anaerobic oxidation. These
metabolic schemes have been discussed thoroughly by others (Vogel et al., 1987; Hanson
and Hanson, 1996; Ensley, 1991; Holliger, 1995) and, therefore, are only briefly
discussed below.

1.1.1 Anaerobic Reductive Dechlorination: Dehalorespiration
A novel group of bacteria has been identified that is capable of using PCE, TCE,
or chlorobenzoates as their terminal electron acceptor (for a review see Holliger et al.,
1995). Members of this metabolic group, termed dehalorespirers, include Desulfomonile
tiedjei (Griffith et al., 1992), Dehalococcoides ethenogens (Maymo-Gatell et al., 1997),
Desulfitobacterium dehalogens (Utkin et al., 1994), Desulfuromonas chloroethenica
(Krumholz,

1997), Desulfitobacterium

chlororespirans

Dehalobactor restrictus (Schumacher and Holliger,

(Sanford

et

al.,

1996),

1996), and Dehalospirillum

multivorans (Neuman et al., 1994). These bacteria differ in the electron donor
requirements and the eventual state of the electron acceptor, the chlorinated hydrocarbon.
Several of these organisms generate cfr-DCE from TCE or PCE (Krumholz, 1997; Sung
et al., 2003), while others completely dehalogenate these substrates to ethene and
eventually carbon dioxide (Maymo-Gatell et al., 1997; Loffler et al., 2000). Since most
contaminated environments are devoid of oxygen (Lovley, 2001), anaerobic energyyielding dehalorespiration has significant practical importance for bioremediation
technologies (Lee et al., 1998).

5
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1.1.2 Co-M etabolism
PCE, TCE, and other chlorinated compounds can be dechlorinated by co
metabolism. In contrast to dehalorespiration, co-metabolism does not produce energy.
Reductive dechlorination occurs as a by-product of another oxidation (Bagley and
Gossett, 1989). Under anaerobic conditions, methanogens, sulfate reducers (Bagley and
Gossett, 1989), and other novel microbes (Maymo-Gatell et al., 1997) use a type of
reductive dechlorination that involves co-metabolic processes. These co-metabolic
dechlorination pathways play a significant role in environments saturated with organics
and methanogenic or sulfidogenic activity (Lee et al., 1998).
Under aerobic conditions, nonspecific monooxygenases are capable of oxidizing
partially-chlorinated solvents when provided with a source of energy. One class of this
type of aerobic co-metabolic dechlorination is found with the methanotrophic and
methylotrophic bacteria which are ubiquitous in nature (Hanson and Hanson, 1996).
These bacteria possess methane monooxygenase (MMO) systems (Semrau et al., 1995;
Shigematsu et al., 1999) that are capable of oxidizing partially-chlorinated compounds
including TCE, cis-DCE, or VC while using hydrocarbons such as toluene, phenol,
methane, or propane as their primary energy source (Vogel et al., 1987; Ensley, 1991;
Hanson and Hanson, 1996). Similarly, ammonia oxidizers can also oxidize TCE among
other compounds such as ammonia, methane, and phenol using ammonia monooxygenase
(AMO) (Hanson and Hanson, 1996). The number of chlorine atoms present adversely
affects aerobic co-metabolism. Consequently, fully chlorinated PCE is resistant to
dechlorination via this process (Hanson and Hanson, 1996). One limitation of these
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organisms in bioremediation is their strict O2 requirement since many polluted
environments are anoxic (Lee et al., 1998).

1.1.3 Aerobic & A naerobic Oxidation
Either type of oxidation process is energy-yielding and supports growth during
which the chlorinated compound provides carbon and electrons (Pries et al., 1994).
Aerobic bacteria including Mycobacterium sp. (Hartmans and de Bont, 1992),
Rhodococcus sp. (Malachowsky et al., 1994), Actinomycetales sp. (Phelps et al., 1991), or
Nirosomonas sp. (Vanelli et al., 1990) can mineralize VC to carbon dioxide. DCE and
VC can be oxidized by Fe(III)-reducing bacteria such as Geobacter sp. (Bradley and
Chapelle 1996; Lovley, 1997).

1.2 Substrates f o r R eductive D echlorination
Since oxygen is typically consumed very early after the onset of contamination, most
aquatic systems are predominated by reducing conditions (Lovley, 2001). However,
aerobic microenvironments can still exist in a bulk anaerobic environment (Lee et al.,
1998; Lovley, 2001. A predictable pattern of metabolism is usually observed assuming
that these terminal electron acceptors are available. In an oxygen-depleted aquifer,
denitrification usually occurs first, followed by iron reduction, sulfate reduction, and
methanogenesis (Kao and Prosser, 1999; Lovley, 2001). The availability of a specific
electron acceptor determines the prevailing anaerobic process (Lovley, 2001), but usually
all of these processes will occur simultaneously to various degrees (Lee et al., 1998;
Lovley, 2001). Figure 1-1 depicts a model, proposed by Lee et al. (1998), which shows
the biodegradation of PCE and incorporates the coexistence of the above metabolic
processes. Although dehalorespirers are included in this model, their existence is not a
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Figure 1-1: A proposed scheme for PCE and TCE biodegradation (Lee et al., 1998).
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necessity for complete dechlorination, which will occur by other microbial degradation
pathways (Lee et al., 1998).
Complete dechlorination will occur under methanogenic conditions after the
depletion of electron acceptors such as oxygen, nitrate, and sulfate (Lovley, 2001).
However under anoxic conditions, highly chlorinated compounds such as PCE and TCE
could be favored over other electron acceptors including nitrate and sulfate since they
yield higher amounts of energy (Vogel et al., 1987; Sung et al., 2003). On the other hand,
iron reducers can degrade less chlorinated compounds such as DCE and VC among some
other chlorinated compounds (Bradley and Chapelle, 1996). The predominance of
methanogens under methanogenic conditions will not prevent other microbial populations
from exhibiting reductive dechlorination (Smatlak et al., 1996, Ballapragada et al., 1997).
Even under reducing conditions, aerobic organisms could exist and completely
mineralize partially chlorinated compounds such as TCE and DCE either through direct
or co-metabolism (Fathepure et al., 1995).
Hydrogen is the primary source of electrons for the dechlorination of chlorinated
aliphatics (Dolfmg, 2000). Several other substrates including acetate, lactate, benzoate,
butyrate, ethanol, and methanol will act as electron donors for dechlorination (Lee et al.,
1997). At very low hydrogen concentrations, many dehalorespirers will out-compete
methanogens or sulfate reducers for available electrons (Ballapragada et al., 1997).
Complex compounds including benzene, toluene, ethylbenzene, xylenes (BTEX), fuels,
hydrocarbons, undefined COD (chemical oxygen demand), TOC (total organic carbon),
humic acids, and fulvic acids are able to drive reductive dechlorination (Lee et al., 1995;
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Lyon et al., 1995; DuPont et al., 1996; Weaver et al., 1996; Wiedemeier et al., 1996;
Wilson et al., 1996).

1.3 M olecu lar M eth ods to S tu dy M icrobial D iversity
It is well recognized among microbiologists that only a small fraction of all
bacteria have been isolated and recognized (Ward et al., 1992). Amann et al. (1995)
estimated that only 0.001-15% of bacteria found in the environment are potentially
culturable on artificial media. There are several reasons for this effect including
suitability of the cultivation conditions, cells entering a nonculturable state, limited
knowledge of the growth requirements (Amann et al., 1995; Muyzer and Smalla, 1998),
and the interdependency of different organisms upon each other as in syntrophic bacteria
(Muyzer and Smalla, 1998). This situation is a major hindrance in studies on microbial
ecology.
Fortunately, the groundbreaking works of Zuckerkandl and Pauling (1965) and
Woese (1987) on microbial phylogeny strengthened by advances in molecular biology
have provided powerful tools for the identification of unculturable bacteria. Pace’s group
(Oslen et al., 1986; Pace et al., 1986) was among the first to pioneer molecular microbial
ecology by combining Woese’s new phylogeny with the techniques of molecular biology.

1.3.1 The Phylogenetic Basis o f M olecular M icrobial Ecology
In principle, the techniques described below are applicable to any gene of interest,
but this section will focus on those approaches involving ribosomal RNA (rRNA)
sequences. Since the genes coding for rRNA are among the most highly conserved
sequences and are universal to all cellular life forms (Woese, 1987), they serve as
acceptable phylogenetic chronometers.
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The structural domains of rRNA harbor sequence variations that differ based on
their phylogenetic distance. Conserved regions that have few base pair difference among
organisms are used to infer relationships to one of three domains of life {Bacteria,
Archaea, and Eucarya) (Woese, 1987). The most highly variable regions are used to
distinguish organisms roughly to the genus and sometimes to species levels (Woese
1987). Because of these levels of specificity for the different regions of rRNA, many
unique primers and probes for specific target sites have been designed (Amann et al.,
1990ab; Amann et al., 1992a). Furthermore, rRNA genes are not transferred horizontally
among species and provide enough sequence information to be used as a phylogenetic
marker (Muyzer and Ramsing, 1995). Besides these features, the availability of various
rRNA databases including the Ribosomal Database Project (RDP; Maidiak et al., 1994)
and the small ribosomal subunit RNA database (Van de Peer et al., 1994) have made
rRNA the molecule of choice for phylogenetic analyses and have made probe design
more practical.
With availability of tools that employ molecular biology, natural microbial
communities are studied by culture-independent methods. Microbial community nucleic
acids (DNA and RNA) are extracted directly from an environmental sample. Many
different procedures have been developed to extract nucleic acids and successfully used
with environmental samples (for a review see Akkermans et al., 1998). To determine
ecological significance, an analysis of the DNA provides information on the identity and
diversity of the microbial community, while mRNA analysis can provide data on the
community’s metabolic activity. For example, to determine phylogenetic information or
the presence of specific metabolic groups, specific genes are amplified from the extracted
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DNA by the use of polymerase chain reaction (PCR) (Saiki et al., 1985; Saiki et al.,
1988). The metabolic activity occurring within an environmental sample can be measured
from the mRNA levels (Veres et al., 1987). By the use of reverse transcriptase-PCR,
RNA is first transcribed into complementary DNA (cDNA) by the enzyme reverse
transcriptase (RT) and then amplified by the PCR. Some of these molecular techniques
used to identify and characterize microbes in the environment, as well as inherent biases
in the PCR, will be briefly discussed below.

1.3.2 PCR-Cloning-Sequencing
One strategy to investigate the diversity of uncultured microbial communities
centers on creating a clonal library of amplified 16S rDNA fragments from an
environmental sample. The amplified 16S rDNA is inserted into a suitable cloning vector
and transformed into a host cell such as E. coli. A restriction pattern for the library is
developed to identify unique organisms. This technique has been widely used to study
microbial diversity for many distinct environments including hot spring cyanobacterial
mats (Ward et al., 1990; Weller et al., 1991), epiphytic and endosymbiotic communities
associated with Caulerpa (Meusnier et al., 2001), seawater communities (Giovannoni et
al., 1990; Britschgi and Giovannoni, 1991), microbial communities in termite gut
(Lilbum et al., 1999), marine sediments (Liu et al., 2003), and sludge (Sekiguchi et al.,
2002). This method has identified several prokaryotes that were not recognized by
culture-dependent approaches (Giovannoni et al., 1990; Ward et al., 1990; Britschgi and
Giovannoni, 1991; Weller et al., 1991). These clone libraries, which harbor the 16S
rRNA genes of the mixed microbial communities, provide a glimpse of the enormous
microbial diversity exhibited in environmental samples.
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1.3,3 Denaturing Gradient Gel Electrophoresis (DGGE)
Denaturing gradient gel electrophoresis (DGGE) allows the separation of equal
sized DNA fragments based upon as little as single base-pair differences (Fischer and
Lerman, 1983). Separation is based on the electrophoretic mobility of the DNA fragments
in polyacrylamide gels containing a linearly increasing gradient of denaturants (Fischer
and Lerman, 1979; 1980). DNA fragments of the same length, but with different basepair sequences, are separated by DGGE as a function of their different G+C content.
Before its use in molecular ecology, DGGE was used to identify point mutations in many
systems.
Muyzer et al. (1993) first used DGGE to analyze microbial communities’
structure from a microbial biofilm generated under aerobic conditions. DNA is extracted
from environmental samples and amplified by PCR. The resulting amplicons, all of
similar size, are then separated by DGGE based on their sequence composition and
distribution (Fischer and Lerman, 1983). The PCR-amplified fragments are resolved in
polyacrylamide gels containing a linearly increasing gradient of denaturant. A resulting
fingerprint pattern is created based on the different melting behavior and differential
migration of the sequences in the gel. After the removal and sequencing of individual
DGGE bands, the phylogenetic affiliation of the detected bacteria is determined by
comparing these sequences to a 16S rRNA database (Muyzer et al., 1995). The DDGE
approach is not limited to the analysis of 16S rDNA fragments, but has been exploited
with other genes including [NiFe] hydrogenase (Wawer and Muyzer, 1995).
One limitation of the DGGE approach is that PCR products obtained from very
complex mixtures of bacteria, including those found in soils, are difficult to separate and
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generate too many bands (Torsvik et al., 1990). The sequence information for PCR
products obtained is limited because DGGE separation requires a PCR product that is
<500 bp in size. Despite this, the technique provides more information than is obtained
with oligonucleotide probe hybridizations (Muyzer and Ramsing, 1995).

1.3.4 Dot-Blot H y b rid izatio n o f rRNA
The dot-blot hybridization assay on rRNA is another molecular approach, which
does not depend on amplified genes. With this approach, the rRNA is extracted and
spotted onto membranes for hybridization with radioactively labeled oligonucleotide
probes. A comparison of the hybridization signal obtained with a taxon-specific probe to
the signal obtained with a universal probe will allow an estimation of the relative
abundance of specific taxons (Muyzer and Ramsing, 1995).

1.3.5 W hole-Cell Hybridization
Fluorescent nucleotide probes have been utilized to determine spatial distribution
of microbial populations, abundance and their activity. Highly specific probes that are
labeled to allow visualization are used to tightly bind to explicit target sites (Head et al.,
1998). Several methods of labeling are used including: (i) 32P labeling at the 5'-end to
allow visualization in situ by mico-autoradiography (Giovannoni et al., 1988); (ii)
incorporation of a fluorescent dye (e.g. rhodamine or fluorescein) for visualization by
epifluorescence microscopy, a technique termed as Fluorescence In Situ Hybridization
(FISH) (DeLong et al., 1989); (iii) use of a marker molecule such as digoxigenin or
biotin, that can be detected with enzyme-labeled antibodies (Zarda et al., 1991); or (iv)
formation of a colored precipitate from a colorless soluble substrate with an enzymelabeled oligonucleotide (Amann et al., 1992b). The intensity of the signal depends on the
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number of the target molecules and the labeling method (Muyzer and Ramsing, 1995).
Whole cell hybridization has been used in many environmental studies including those of
termite intestinal tracts (Schmitt-Wagner et al., 2003), cave springs (Engel et al., 2003),
and a hydrocarbon-contaminated aquifer (Kleikemper et al., 2002).
Several limitations have been observed with in situ application of oligonucleotide
probes to natural samples including: (1) uneven cell penetration, (2) low signal intensity,
(3) high levels of background auto-fluorescence for some samples, (4) high levels of
nonspecific staining, and (5) limited phylogenetic information based on a short sequence
segments of 20-30 bp that is often highly conserved (Muyzer and Ramsing, 1995).

1.3.6 Real Tim e PCR
One important aspect of microbial ecology is the quantification of microbial
populations in an environmental sample. In many cases, increased metabolic activity is
associated with increased abundance. Thus, a determination of abundance for different
physiological groups is an implied measure of metabolic activity. Since only a small
proportion of the bacteria in environmental samples can be enriched under laboratory
conditions (Amann et al., 1995), culture-independent techniques, including PCR and
FISH, are required to enumerate prokaryotes. Many quantification techniques use PCRbased methods including limiting-dilution PCR (Kowalchuk et al., 1999; Stephen et al.,
1999), kinetic PCR (Alard et al., 1993; Higuchi et al., 1992), and competitive PCR
(Felske et al., 1998; Gilliland et al., 1990; Mendum et al., 1999). Since kinetic PCR and
limiting-dilution PCR depend on end-point measurements, estimations of the initial
template concentration are more difficult, which is a major disadvantage. Dilution to
extinction could also result in overlooking low numbered microbial community members.
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Quantification with competitive PCR requires primers for the target and competitive
molecules that have similar affinity properties. Real time PCR, another modified PCR
technique, measures the DNA concentration continuously during the amplification
process that allows the initial template concentration to be determined effectively and
rapidly (Heid et al., 1996). Thus, cell numbers are more accurately estimated without the
use of a competing molecule (Hermansson and Lindgren, 2001).
One method of monitoring the accumulation of PCR products uses a fluorescent
dye (for example, SYBR Green) that forms a fluorescent adduct with double-stranded
DNA without compromising the polymerization reaction (Higuchi et al., 1992; Wittwer
et al., 1997). An alternative approach uses the '5—>3' exonuclease activity of Taq DNA
polymerase (Holland et al., 1991; Innis et al., 1988). Besides the forward and reverse
primers required for this system, a labeled probe that hybridizes between them must be
designed. The nuclease activity of the Taq DNA polymerase cleaves the labeled
oligonucleotide, termed TaqMan probe, which is hybridized to the PCR template that is
3’-phosphorylated to prevent its polymerization by the Taq polymerase (Lee et al., 1993).
The TaqMan probe is labeled at the 5' end with a fluorescein derivative whose
fluorescence is quenched by a rhodamine derivative linked either a few bases
downstream of the 5' end or at the 3' end of the probe (Lee et al., 1993; Livak et al.,
1995). Taq nuclease activity hydrolyses the probe to release the rhodamine and allow the
fluorescence of the fluorescein. The shortened probe is displaced from the target
sequence without disturbing polymerase activity. The probe is hydrolyzed only when
bound to the target DNA. TaqMan PCR measures the activity of Taq polymerase with
respect to a particular target DNA (Gelmini et al., 1997). The concentration of the
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targeted amplicon is proportional to the fluorescence of the reporter dye. The reaction is
calibrated by either of two methods after the amplification of known amounts
(concentrations) of the target sequence: First, the fluorescence before and after a fixed
number of PCR cycles (end point determination) is measured. Second, the increase in
fluorescence is directly monitored cycle by cycle (real time monitoring of PCR) and is
calibrated by the threshold cycle method (Heid et al., 1996). Quantification is based on
the number of cycles required to reach a certain concentration of amplicons rather than on
the concentration reached after a fixed number of cycles (end point determination). The
threshold cycle C j is defined as the PCR cycle at which a fluorescence signal, developed
by a dye-DNA complex (e.g. SYBR Green I) or by the fluorescence of the TaqMan
reporter dye, passes a preset value. This value corresponds to an amount of amplicons
which was generated in a few cycles if a large amount of template was present initially or
after many cycles if the PCR started with few templates (Becker et al., 2000).
An important advantage of SYBR Green chemistry over that of the TaqMan is
that the creation and optimization of specific probes are not required. Consequently, it
works with any successful PCR reaction. A major disadvantage of SYBR is its ability to
bind to any dsDNA. Thus, everything is detected equally well including the specific
product, non-specific products, and primer dimers (Rasmussen, 2001). There are a
number of ways to overcome this problem. Careful optimization of the PCR reaction will
usually reduce primer dimer levels to a point that only affect very low copy detection.
Hot start techniques like AmpliTaq® Gold polymerase are also helpful in reducing
primer-dimer levels. Some systems, such as the LightCycler Instrument (Idaho
Technology, Idaho Falls, ID), allow melting curve analysis of the reaction (Ririe et al.,
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1997) that helps to determine the fraction of signal coming from the desired product and
fraction coming from primer-dimers. A determination of the product melting point will
allow fluorescence data to be recorded that is above the melting temperature of the
primer-dimers, but below the melting temperature of the product (Rasmussen,
2001). When a surplus of DNA originating from phylogenetically very similar organisms
exists, the restricted specificity of probes and primers can lead to overestimation of the
target genome (Becker et al., 2000). Real time PCR is the best approach currently
available for quantification of genomes in complex microbial communities.
Since this method centers on measuring logarithmic phase product accumulation
rather than the end-point abundance, real time PCR has a major advantage over other
PCR-based quantification methods. Because of this advantage, amplification efficiency
or the depletion of a reagent have less influence on real time PCR, which increases its
accuracy (Griintzig et al., 2001). Real time PCR detects template abundance in a range of
six orders of magnitude (Heid et al. 1996) and permits simultaneous analysis of 96
samples, reducing the risk of contamination (Griintzig et al., 2001). The cost of specific
reagents and the need for an expensive specialized thermocycler are the major
disadvantages with real time PCR (Griintzig et al., 2001).
Real time PCR has been successfully implemented in microbial ecology studies
with phylogenetic (16S rRNA) genes at the domain and/or group levels in prokaryotic
communities in cow rumen (Tajima et al. 2001), soils (Hermansson and Lidgren, 2001),
groundwater (Hristova et al., 2001), marine waters (Takai and Horikoshi, 2000), hot
springs (Suzuki et al,. 2000), and freshwater sediments (Stults et al., 2001). This
technique has also been used extensively in the medical field (Gruber et al., 2001;
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Rantakokko-Jalava and Jalava, 2001; Wellinghausen et al., 2001). Griintzig et al. (2001)
quantified the environmental abundance of nitrate reductase genes as an example of
quantifying microbial guilds with functional genes.

1.3.7 Problems A ssociated with 16S rRNA Studies
Although the impact of PCR-based analyses of 16S rRNA gene on the unraveling
of hidden microbial diversity is well recognized and remarkable (Hugenholtz et al.,
1998), there are still problems and limitations. Misrepresentation of the microbial
community structure could be a result of sample handling procedures and storage
conditions (Rochelle-Cox et al., 1994). Aerobic or anaerobic storage or direct freezing of
sediment samples resulted in compositional differences as detected by 16S rRNA
analysis (Rochelle-Cox et al., 1994). Low microbial biomass in aquatic samples and
some subsurface sediments, necessitates processing large amounts of sample matrix in
order to acquire enough quantities of DNA for subsequent analyses (Fuhrman et al.,
1988; Ogram et al., 1995).
Elucidation of the genetic diversity in environmental samples requires
reproducible and reliable methods of nucleic acid extraction, which is the major
limitation of this type of study. Depending on the approach, different types of biases in
the DNA extraction protocol could exist. DNA extracted from cells separated from the
environmental matrix, such as soil (Jacobsen and Rasmussen, 1992), provide large
fragments of DNA with high level of purity (Leff et al., 1995). However, the available
adherence properties of the microbial cells to the soil particles, will affect the retrieval of
the microbial cells distorting the picture of the microbial community structure (Prieme et
al., 1996). In contrast, direct DNA extraction from soil particles will allow co-extraction
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of extracellular DNA and PCR inhibitory contaminants (e.g. humic acids) (Frostegard et
al., 1999). Extraction of extracellular DNA originating from nonviable or lysed cells
could lead to an overestimation of the number of microbial cells. Furthermore, microbial
cells belonging to different phyla have varying degrees of resistance to cell lysis
treatments (More et al., 1994). The physical and chemical properties of the soil matrix
can also affect quantity and quality of the DNA extracted (More et al., 1994; Leff et al.,
1995).
Complex mixtures of microorganisms from environmental samples may cause
potential problems for the PCR-amplification of specific genes (Muyzer and Ramsing,
1995; Head et al., 1998). Preferential or differential amplification of target DNA from
some bacteria over the general population has been reported (Reysenbach et al., 1992).
There are several potential causes for this effect including unequal accessibility of
different templates to primer annealing, unequal efficiency for the formation of primertemplate hybrids, unequal extension efficiency of all templates by the DNA polymerase,
and/or depletion of amplification reagents before extension of all templates (von
Wintzingerode et al., 1997). Re-annealing of the DNA template and subsequent inhibition
of primer hybridization to the target sequence will also cause preferential amplification
(Suzuki and Giovannoni, 1996). In addition, DNA segments flanking the target sequence
will cause interference to completely inhibit primer hybridization and subsequent
amplification in some microbial species despite implementing different PCR protocols to
overcome this inhibition effect (Hansen et al., 1998). Hansen et al. (1998) recommended
the use of at least two primer sets against different regions in the 16S rRNA gene was
recommended to overcome bias attributed to the flanking region effect.
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Analysis of complex microbial structures is further complicated by the formation
of PCR artifacts including chimera and heteroduplex molecules, which could lead to an
overestimation of microbial diversity. Chimeras are formed when segments from two
different sequences recombine during the amplification process (Liesack et al., 1991).
Wang and Wang (1996) reported that chimeras could constitute 30% of the PCR products
generated from nearly identical genes. The frequency of chimera production decreased to
12.9% and 14.7% with templates having 82% and 86% similarity, respectively (Wang
and Wang, 1996). On the other hand, heteroduplexes are formed after the denaturation
step of the amplification process and they consist of two DNA strands originating from
two different, but closely related, organisms re-anneal (Muyzer and Smalla, 1998). These
heteroduplex molecules act as templates during the remaining PCR cycles. Thus, careful
interpretation of sequence data is required for environmental samples harboring closely
related organisms.
Biases are observed in approaches that involve cloning of PCR products, although
there has been no systematic study (Rainey et al., 1994; Head et al., 1998). Rainey et al.
(1994) found that cloning the same PCR product using different cloning procedures
resulted in different libraries. PCR artifacts are a major source of variation in the 16S
rRNA cloning libraries (Speksnijder et al., 2001). Another source of error in the PCR is
contaminating DNA introduced from either DNA extraction reagents (Tanner et al.,
1998) or in the Taq polymerase storage buffer (Schmidt et al., 1991).
Some of the above mentioned biases and errors can be minimized. For example,
chimeric molecules can be detected and removed from sequence analysis (Kopczynski et
al., 1994). PCR conditions can be optimized in different ways to generate PCR products
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that give a better representation for the microbial community for a given sample (Suzuki
and Giovannoni, 1996; Wang and Wang, 1996, 1997; Hansen et al., 1998; Muyzer and
Smalla, 1998; Polz and Cavanaugh, 1998; Ishii and Fukui, 2001; Qui et al., 2001;
Hongoh et al., 2003). Besides the methodological errors and biases, genomic
characteristics of the prokaryotic community, including genome number and size and the
number and organization of the rm operons present (16S rRNA gene), could contribute
significantly affecting 16S rRNA studies (Farrelly et al., 1995; Klappenbach et al., 2001).
Prokaryotic genome size, number, and rrn operon copy number vary widely among
different organisms (for a review see Fogel et al., 1999). Heterogeneities even within the
rrn operons of a single species (Ntibel et al., 1996) as well as in bacterial populations
(Casamayor et al., 2002) are also detected. This variation could lead to an overestimation
of microbial diversity and abundance for a given environmental sample. Since pure
cultures are needed to determine the variability in genomic properties, it is impossible to
assess this type of bias in complex microbial structures (Fogel et al., 1999) and cautious
interpretations of the molecular data are advised.
Despite these shortcomings, culture-independent molecular techniques provide
valuable information on phylogenetic relationships found in environmental samples.
Molecular techniques have also enhanced our understanding of the structural organization
of microbial communities and the role of individual microorganisms in the
biodegradation of toxic compounds and chemical cycling. However, a combination of
molecular techniques, microbiological methods, and identification of environmental
parameters and metabolic activities is required to mitigate the inherent biases (Muyzer
and Ramsing, 1995).
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1.4 S tu d y S ite
The University o f New Hampshire's Bedrock Bioremediation Center (BBC) is
conducting research on chlorinated solvent-contaminated saturated bedrock. Site 32, the
BBC’s research site, is located at the Pease International Tradeport (formally Pease Air
Base, hereafter referred to as Pease) in Portsmouth, NH (Figure 1-2). The Site 32 plume,
which is predominately comprised of DCE (100 to 700 pg/L) with lesser amounts of TCE
and VC, extends about 0.5 km through the metasandstone of the Silurian and Ordovician
Kittery Formation interbedded with Jurassic diabase dikes. Building 113, located at Site
32, was used for equipment maintenance, which included degreasing operations. A
1,200-gallon concrete tank buried beneath the northeastern comer of the building served
as a reservoir for degreasing wastes, primarily TCE. The tank contained an overflow
discharge pipe that released contaminants associated with the degreasing wastes directly
into the overburden soil. The TCE migrated downward into the groundwater. A
contaminant plume, containing primarily TCE and its degradation products cis- and
trans- 1,2-DCE and VC, extended approximately 0.5 kilometers beyond the identified
source area (Figure 1-3). The plume had migrated with the groundwater into the
weathered and competent bedrock.

1.5 L ithologic D escription s o f S ite 32 *
A cover of interfmgering sand, gravel and marine clay underlies pease
International Tradeport. The deposits typically vary in thickness from 1 to 15 meters.
Under these unconsolidated sediments lies well-layered, tightly folded quartzites and
phyllites of Silurian (or older) Kittery and Eliot Formations that form part of the
* This section was taken from the Year I research proposal published on the BBC website
(http://www.unh.edu/erg/bbc/) without modification.
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Figure 1-3: Plan view of the TCE plume in the bedrock at Pease Site 32 (Source: U.S.
Air Force). Note: Based on groundwater concentration data from a January 1992
sampling event of 14 shallow and deep bedrock wells.
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Merrimack Group sequence o f seacoast New Hampshire and Maine (Lyons et al., 1997).
These rocks are variably faulted, fractured, and intruded by Devonian and younger
igneous rocks. The most common of these rocks in the study area are northeast trending
Mesozoic mafic dikes (Swanson, 1989).
The Kittery Formation which underlies most of Zone 3 and Site 32 at Pease is
characterized by thin to thick (0.1-2+ m) bedded gray to purplish gray calcareous
quartzite (80-90%) and thin intercalculations of dark gray to black slate or phyllite (1020%) depending on metamorphic grade. The thicker beds are typically graded with and
without internal laminations. Novotny, (1969) and Rickerich, (1983) reported that the
mineralogy of the Kittery was dominated by quartz with significant quantities of biotite,
chlorite, actinolite, and epidote (Fe, Al, Mg, Ca bearing silicates). Primary sedimentary
structures, in addition to graded beds, included fine-scale cross-beds, ripple laminations,
flame structures, and convolute bedding characteristic of Bouma sequence deposition.
Quartzose grits and limey concretions are rare, but important characteristics of this unit.
The regions of grit probably had significant permeability and porosity that might result in
secondary zones of groundwater flow (longer residence time) adjacent to the fractures.
The Eliot Formation cropped out in the northwest third of Pease and might be
present beneath parts of Zone 3 and Site 32. It was typically a brown-weathering
calcareous metasiltsone and interlayered slate or phyllite. The proportions of these rocks
were approximately 60/40. The Eliot Formation also contained significant quantities (up
to 80%) of the iron, aluminum, magnesium, and calcium bearing minerals biotite,
chlorite, sericite, calcite, dolomite, and plagioclase (Novotny, 1969). Bedding thickness
ranged from 1-10 cm. Primary sedimentary structures are rare. The Eliot was tightly
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folded with well-developed secondary cleavage and thus may exhibit a higher fracture
density.

1.6 Objectives an d R ation al o f the BBC*
Billions of dollars are being and will be spent annually by different public and
private organizations to remediate hazardous and petroleum contaminated sites (USEPA
1997). About 70-80% of the 217,000 sites nation wide where contamination affected both
the surface soil and groundwater require cleanup. Several bioremediation technologies
are at hand to remove contamination from sedimentary aquifers. However, methodologies
to be applied on contaminated bedrock aquifers are scarce, if found at all. This is despite
the fact that bedrock aquifers are being used by a considerable number of people. About
60% of the drinking water supply in New Hampshire comes from groundwater; 97% of
which are bedrock aquifers. Almost 25% of the population depends on these supplies.
Remediation conducted on consolidated bedrock aquifers is limited due to
extremely technical difficulties. Some of the 400 hazardous waste sites, 3,000 petroleum
sites, and 197 unlined solid waste landfills in New Hampshire are affecting and have the
probability of affecting bedrock aquifers. Fifteen of the 18 Superfund sites in New
Hampshire are contaminated bedrock aquifers (Table 1-3). This is typical in other parts of
the country and especially with chlorinated solvents (e.g., TCE) that are denser than
water and tend to sink deep into the aquifer.
The difficulties associated with remediation of bedrock aquifers as well as the
lack of successful remedial technologies resulted in negligence of this serious problem.

Most o f the information mentioned in this section was taken from the Year I research proposal published
in the BBC website (http://www.unh.edu/erg/bbc/) .
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The contamination in bedrock aquifers is usually deep and the hydraulics are very
complex. Drilling in bedrock is expensive and excavation is almost impossible. Thus, the
only feasible approach to solving this problem is in situ bioremediation.
An extensive monitoring program has been implemented by the US Air Force
(USAF) to analyze groundwater samples from wells located throughout the contaminant
plume in Site 32 and to determine natural attenuation parameters. Natural attenuation,
including biodegradation, was suggested to occur at Site 32 as revealed by the apparent
loss of TCE over time and existence of DCE and VC in distinct zones within the plume.
However, distinguishing biodegradation from other attenuation processes and
identification of the responsible microbial populations or metabolic processes was not
possible through the monitoring program. In addition, it is not known if the potential
biodegraders exist in the groundwater or attached to fracture surfaces. Previous research
was contradictory since some researchers (Harvey et al., 1984; Koebel-Boelke et al.,
1988; Godsy et al., 1992; Berkins et al., 1999) suggested that the attached microbial
populations are more abundant and metabolically more active than those of the
surrounding aqueous medium; while others (Lehman et al., 2001a) suggested the
opposite. No precise conclusion was possible since the methodologies implemented and
the systems studied were different, although others favor the former conclusion
(Costerton and Lewandowski, 1995; Ross et al., 2001) since surfaces tend to concentrate
organic nutrients (Costerton and Lewandowski, 1995). In addition, the lack of equitable
unit measurements (Lehman et al., 2001a) for comparing attached and unattached
microbial communities further added to the difficulty of reaching a definite conclusion.
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Table 1-3: Status of NH Federal Superfund Sites (as of January 2001).
Site Name

*Aubum Road Landfill

NPL
Listing

Lead

Current Status (Estimated
Remedial Action Cost, Including
Long-Term Operation and
Maintenance

9/83

PRP

RA in progress, ap completed, Natural
attenuation and monitoring ($8.0
million)

*Beede W aste Oil - Plaistow

12/96

State

RI/FS in progress

*Coakley Landfill - North
Hampton

6/86

PRP

OU-I RA cap completed 8/98.
Groundwater m onitoring evaluation

PRP

RA based on CD requirements placed
on hold while operation o f pilot scale
treatm ent zones evaluated

D over Municipal Landfill Dover
*Fletcher's Paint W orks Milford

3/89

EPA

RA anticipated to begin in 2001. ($14.7
million)

*Gilson Road - Nashua

9/83

State

RA complete. Soil and groundwater
treatm ent plant shutdown &
decommissioning. ($33.3 million)

Kearsarge M etallurgical Conway

9/84

State

RA in process. Groundwater treatment.
($7.2 million)

K eefe Environmental Epping

9/83

State

RA in process. Groundwater treatment.
($4.0 million)

*Mottolo Pig Farm - Raymond

7/87

State

RA in progress. Natural attenuation and
monitoring. Soil treatment completed.
($1 million)

*NH Plating - Merrim ack

10/92

EPA

RD scheduled to be completed 2001.
Soil fixation/natural attenuation and
m onitoring.($9.9 million)

EPA

RD completed. RA scheduled to begin
in 2001. Soil and groundwater
treatment. ($15.2 million)

*Ottati and Goss -- Kingston

- 9/83

*Pease Air Force Base Newington

2/90

Dept, of
D efense

RA in progress. Soil and groundwater
treatm ent. ($140.0 million)

*Savage W ell - M ilford

9/84

PRP &
State

RA in progress. Soil and groundwater
treatment. ($15.5 million)

*Somersworth M unicipal
Landfill - Somersworth

9/83

PRP

RA in progress. Groundwater treatment
using an innovative in situ treatment
w all, ($ 15.0 million)

*South Municipal W ell Peterborough

9/84

PRP

RA in progress. Groundwater treatment
for containment. ($7.4 million)

*Tibbetts Road - Barrington

6/86

PRP

RA in progress. Groundwater
treatment.
($3.8 million)

♦Tinkham's Garage Londonderry

9/83

PRP

RA in progress. Groundwater
treatment. ($9.9 million)

*Town Garage/Radio
Beacon - Londonderry

3/89

PRP

RA in progress. N atural attenuation and
monitoring. ($1.3 million)

*Site has bedrock contam ination
N PL - National Priorities List
RA - Remedial Action

RD - Remedial Design
PRP - Potentially Responsible Party
RI/FS - Remedial Investigation/Feasibility Study
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Knowing this information is crucial to future efforts to affect the rate of bioremediation in
the competent bedrock.

1 .7 Objectives o f this D issertation Research
Consequently, the main objectives of this dissertation research were to (i) develop
and apply innovative microbiological and molecular biology techniques that could
provide comparable results to describe the microbial communities from the bedrock’s
fracture surfaces and surrounding groundwater; (ii) identify and characterize the key
prokaryotes that might have a role in chlorinated solvents biodegradation; (iii) detect
temporal and spatial variations in abundance and composition of microbial communities
existing in the groundwater; and (iv) identify the possible metabolic activities that might
predominate the aquifer system by inference from 16S rRNA sequence data. A cultureindependent approach involving DGGE, real time PCR, and sequencing was chosen to
achieve these objectives.

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.0 M aterials and Methods*
2.1 L ocations o f B B C Wells a t S ite 32
Figure 2-1 illustrates the overall picture of the positions of the boreholes and pre
existing US Air Force monitoring wells at Site 32. Table 2-1 summarizes the depths of
the BBC wells.

2.2 D econtam ination o f D rillin g E qu ipm en t
To control possible cross-chemical contamination and the introduction of nonindigenous microorganisms into the wells, all equipment that was brought on site was
treated with the following decontamination procedures. First, the equipment was steam
cleaned with a decontamination pad. After steam cleaning, all supporting equipment
including the drill rod, drill bits, roller bits, and wrenches were immersed for 30 min in
diluted (1% v/v) chlorine bleach solution to provide adequate contact time to kill surface
microorganisms. The bleach-treated equipment was rinsed with pristine well water
obtained from a nearby site that was free of the contaminant chemicals. All
decontamination wastes were captured by a plastic liner, collected, and stored until their
ultimate disposal at the Site 8 groundwater treatment facility. The drill rig was not treated
with the bleach solution.
All pumps and hose lines used during drilling procedures were also treated with
the dilute 1 % (v/v) chlorine bleach solution for 30 min. as described above.
Alternatively, the water was pumped through the system and continuously recirculated

* Sections 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.12, 2.13, and 2.14 as well as the tables therein were taken
from several progress reports published in the BBC website ('http://www.unh.edu/erg/bbc/') with slight
or no modification.
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P e a s e International Tradeport, Site 3 2

21

212000

21

O)
o

6074

O
B u ild in g

21

211400

o

O v e rb u rd e n Well

21
12 13 1OO

1213400

1213SOO

Easting (feet)

1213800

C o o r d in a te system : NH S ta te P lan e (NAD 83 D atum )

F igure 2-1: Site 32 map illustrating the positions o f the B B C and the pre-existing U .S. A ir Force m onitoring w ells.
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Table 2-1: Well depths and depth to bottom of casing.
Total Depth o f Well
Well
BBC1
BBC3
BBC4
BBC5
BBC6

From Ground
Surface (ft)
69.9
135.4
180.2
196.8
203.1

Depth to Bottom o f Casing

From Top o f
Casing (ft)
70.7
136.8
181.1
198.2
204.0

From Ground
Surface (ft)
38.7
58.0
75.0
95.5
91.1
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From Top o f
Casing (ft)
39.8
59.4
75.9
96.9
92.0

for at least 30 min. Drilling water for sampling was obtained from a pristine well located
at Fabyan Point in Greenland, NH (~2 miles from Site 32) and was stored in dedicated
clean water storage tanks which were steam cleaned prior to filling. During drilling
activities, water from the clean water storage tanks was pumped into one of two
deaeration tanks. Each deaeration tank was fitted with a piping system that allowed for
the bubbling of nitrogen gas from the bottom of the tank through the water to fill the head
space in the tank. The nitrogen atmosphere was maintained with a slight positive pressure
to prevent the re-introduction of oxygen into the drilling water. This deaerated water was
supplied directly to the drill rig. The drilling water was not recirculated.
All drill cuttings waste was stored in 55-gallon drums with lids. Sediment-laden
drilling water was routed to a temporary settling basin, and then pumped into a receiving
tank where additional settling occurred. A dedicated dirty-water transport vehicle, owned
by the BBC, was used to transport the discharged drilling water to the Site 8 groundwater
treatment facility for ultimate disposal. The New Hampshire Boring drilling team from
Londonderry, NH performed all drilling and sampling.

2.3 S o il O verburden Sam pling
A 7.5-cm (3-inch) inside diameter (ID) hollow stem auger was used to drill the
overburden soil. Samples of the overburden soil were collected with a standard 24-inch
split spoon sampler inside the casing. The split spoons were driven ahead of the 7.5-cm
augers. Samples were obtained through the overburden soil to the top of weathered
bedrock. Soil samples for geological and microbiological analyses were removed from
the split spoons. Soil samples collected for microbiological analyses were placed in
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sterile plastic bags held at 4°C and transported to the laboratory where they were stored at
-80°C, until needed.
Split spoons were cleaned between sampling. A series of wash solutions were
maintained in large RubberMaid™ tubs, and the spoons were cleaned with large scrub
brushes dedicated to each solution. In order of use the following solutions were used:
isopropanol (99%), laboratory soap solution, and clean water. For the split spoons used
for microbiological analyses, two additional washes were performed: 30 min immersion
in dilute 1 % (V/V) bleach solution, and a final rinse with clean water that was obtained
from either from the clean off site bedrock well or from bottled spring water. A wax plug
was placed in the bit of the spoon and the outside of the split spoon barrel was wrapped
with Saran Wrap to prevent the entry of water prior to the sample collection. A steel ball
at the top of the split spoon acted as a check valve to keep water from the drill stem out
prior to sampling.
Lexan liners were used in each split spoon for both geological and
microbiological sampling. After sampling, the liners were removed, capped, and sealed
with vinyl tape for future processing. Liners used for microbiological sampling were
decontaminated as described above. The surface of the end caps of the liners were
cleaned with a laboratory wipe saturated with 70% isopropyl alcohol. All soil samples
were labeled with the well designation, depth interval for the sample in the liner, the
standard penetration test (SPT) count, recovery, date, time, and sampler’s name or
initials. An arrow was drawn on each liner to indicate the top of the sample core. Once
bedrock was encountered, boring was terminated, and the hole was grouted with a cement
water slurry. No bentonite or other filler material was used in the grout. The grout was
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pumped into the hole as the augers were withdrawn. This continued until the grout
reached the surface.

2.4 C asin g-off th e O verburden
The BBC's drilling was performed using telescoping casing to isolate the
overburden and the shallow weathered bedrock zones from the competent bedrock below.
For each borehole, NH Boring installed a 20-cm diameter casing through the overburden
and up to 1.5-m into the weathered bedrock. The contractor's equipment was
decontaminated at the decontamination pad as described above.
NH Boring advanced the 20-cm casing hole without the use of drilling mud or
synthetic polymer thickener. Percussion drilling was used to advance a 25-cm casing to
the top of the weathered bedrock, in order to set and grout in a 20-cm casing. Once the
25-cm casing had been driven down to bedrock, a 15-m socket was drilled into the
weathered bedrock. The hole was then be filled with a portland cement-and-water grout.
This was allowed to set overnight to cure. A roller bit was then used to roll through the
grout to the bottom of the socket. This step allowed sealing the zone of fractured bedrock.
The hole was again filled with a cement-and-water grout, and the 20-cm casing was
installed through the grout to the bottom of the bedrock socket. The 25-cm casing was
then withdrawn as the grout was pumped into the hole to maintain the level of the grout
at the surface (see Figure 2-2A).

2.5 B edrock Coring
Once the 20-cm casing had been installed, and the grout hardened, NH Boring
drilled a 15-cm hole was drilled down through the grout-filled 20-cm casing with a
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PMSF

Figure 2-2: (A) The main goal for the BBC, was to construct a paired boreholes linked by a common
fracture to monitor change in contaminants as groundwater moved from one borehole to the other. This in
situ reactor would provide the means for testing bioremediation technologies. Three sets o f paired
boreholes were intended at Site 32: one at a high TCE, DCE, and VC zone, another at a low TCE and DCE
zone, and a final one at an uncontaminated zone. This figure also illustrates the drilling procedure. The well
was drilled through the soil overburden with a 10-inch casing (later removed) to install and grout into place
an 8-inch casing into the weathered bedrock sealing off the overburden. Then the well was cored through
the grouted 8-inch casing, weathered, and highly fractured bedrock, followed by installing and grouting
into place a 6-inch casing 12-24 inches into competent bedrock sealing o ff the weathered bedrock. Then
finally, the competent bedrock was cored through the grout in 6-inch casing retrieving 4-inch diameter
cores o f competent bedrock containing partially mineralized (PMSF) and natural or drilling induced (F)
fractures, as shown in (B).
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tri-cone roller bit. Once weathered bedrock was encountered, the roller bit was
withdrawn, and replaced by a 10-cm, double-tube, and wire-line core barrel with a
diamond-impregnated coring bit. The inner core barrel contained a lexan liner. The
coring bit was used to core a 1.5 m Section of bedrock. This core was withdrawn using
special handling for microbiological analyses (described in Section 2.7), transported to
the Coy Anaerobic Chamber in the Site 32 laboratory trailer, inserted into the anaerobic
environment, and extruded for inspection. If it was determined that competent bedrock
had not been reached, another core was taken using the same procedure, until competent
bedrock was reached. At this point the coring barrel was withdrawn, and the hole through
the casing and the weathered bedrock was reamed with a diamond impregnated reaming
bit to 20-cm in diameter for at least 1.5-m down into the competent bedrock. This hole
was then be filled with a cement-and-water grout to the surface. Drilling water was again
obtained from clean bedrock well located at Fabyan Point in Newington, NH,
transported, and kept in an anaerobic environment as described above. As much as
20,000 liters (20 m3) of water were required per day to drill the bedrock cores. This water
was not be recirculated, thus preventing microbial cross contamination within the
borehole.
A 15-cm casing was installed into the grouted hole. The casing had a portland
cement plug affixed on the downhole end prior to installation. This plug kept the grout
from entering the 15-cm casing. Clean drilling water was pumped into the casing as it
was lowered into the ground to keep it from floating. The casing was forced to the bottom
of the reamed hole, and held in place until the grout hardened.
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Once the grout had hardened, a roller bit was briefly used to drill through the
cement plug on the downhole end of the 15-cm casing. Once the plug had been drilled
out, a specially prepared core barrel was used to extract a core of the competent bedrock.
Again, anaerobic drilling water from the clean bedrock well at Fabyan Point was used for
the coring.

2 ,6 Cores, Cuttings, an d Sedim ent-Laden D rillin g W ater
All of the lexan tubes containing cores were labeled as to the boring designation,
depth interval of the core, date, and sampler name(s) or initial(s). Arrows were drawn on
the liners to indicate the uppermost end of the core. The cores were temporarily stored
under the site research trailer. Some cores were transported to UNH laboratories for
further analyses.
Drilling water and drill cuttings from the roller bit, reaming, and coring operations
were forced to the surface through the narrow annular space between the outer core barrel
and the 15-cm casing. The water and cuttings were routed to an open top settling tank
with baffles, designed to allow the coarse cutting material to settle. The water was then
pumped using a diaphragm (or trash) pump into a dedicated tank where additional
settling occurred. This water was then pumped from the tank to a dedicated dirty water
transport vehicle. The water was then transported to the Site 8 water treatment facility. A
holding tank had been set up at the facility to store dirty water awaiting treatment.
The drilling cuttings that settled out in the settling tank were shoveled into 55gallon drums. The drums were labeled and stored prior to removal from the site. The
drum contents were tested for contaminants prior to ultimate disposal.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2 .7 S pecial C ore B arrel H andling f o r M icrobiological A nalyses
Special drilling procedures were used for cores designated for microbiological
analysis. Lexan liners used in the collection of microbiological cores were sterilized as
described above. The core barrel was prepared by placing a sterile piston with a rubber
seal in the end of the lexan liner of the inner core barrel. A check valve on the top of the
piston kept fluids from the drill stem out of the inner core barrel. As the core barrel
advanced, the piston pushed ahead of the core in the inner core barrel, maintaining a seal
against the water.
The core barrel was advanced its entire length, minus the length of the piston. At
this point, at the surface, the drill stem was separated from the drill rig's drive bar, and a
special tank was placed on top of the coring drill rod. A watertight rubber coupling was
installed to seal between the outer casing and the core rod. A similar coupling was
installed between the core rod and the special tank. The special tank consisted of a 30.5cm Plexiglas pipe attached to a rectangular glove box at the base. A messenger was
lowered through the special tank to couple to the inner core barrel, which was retrieved to
the surface. As the inner core barrel being raised through the outer core barrel (still down
in the hole), drilling water was pumped into the drill stem and the glove-box tank to keep
it full. The inner core barrel containing the rock core was brought up into the glove box
tank with care not to pull it out of the water. A field person placed his/her hands into the
gloves in the box, and placed a PVC cap with a metal pushing disk and a flexible rubber
coupling over the broken end of the core and lower end of the inner core barrel. This cap
prevented porewater (PW) from exiting the core when it was removed from the well. The
core barrel was then lifted out of the water, lowered to the ground, disconnected from the
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messenger, and the top was capped with a second PVC cap with rubber coupling. The
core barrel was then placed in a wooden box for transport to the site field trailer. To
maintain an anaerobic environment, nitrogen was fed continuously into the transport box.
The core transport box was taken to the Site 32 research trailer and inserted
through the airlock of two joined glove boxes, where an anaerobic atmosphere was
maintained. Inside the first glove box there was an epoxy-resin coated plywood tray. On
the plywood was a pedestal-supported PVC tray for the core, consisting of one half of a
15.24-cm PVC pipe cut longitudinally. A sterile closed PVC container, also stationed in
the anaerobic glove box, was used for the collection of PW held inside the inner core
barrel. One end of the container had quick disconnect fittings that were connected to a
collection tray positioned on the floor of the transport box.
Once the transport box was inserted through the airlock and joined to the glove
box, the access port on the inserted end of the transport box was opened. Through this
port, the cap on the inner core barrel could be reached. The quick disconnects that were
between the PVC porewater collection container and the transport box collection tray
were connected. The clamp securing the core barrel cap could then be loosened and
slowly removed. The piston, now positioned at the top of the inner core barrel could be
removed to allow PW to collect in the transport box tray. The PW flowed from the
collection tray to the sterile PVC collection container. After collecting the PW sample in
sterile glass containers, the samples were placed on ice in a cooler, and transported to the
laboratory where they were filtered using a 0.22 pm pore-size (45 mm in diameter)
polyvinylidene fluoride-GVWP membrane filters (Durapore; Millipore Corp., Bedford,
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Mass.) and stored at -80°C for subsequent analyses (Cheng et al., 1999; Fry et al., 1997).
The volumes filtered were recorded.
After the PW was collected, the clamp on the core barrel's lower end cap could be
loosened at the access port at the opposite end of the transport box. A rod support and a
series of pusher rods were assembled at the far end of the transport box. The pusher rods
were connected with the metal pushing disk on the end cap of the core barrel. A portable
hydraulic press was used to dislodge the core from the core-catcher and push the lexan
core liner and enclosed core out of the core barrel and into the PVC tray in the anaerobic
glove box. The lexan liner was cut to access the core for further microbial processing.
While still in the glove box, the core was measured and given a suitable designation as
described above. The core was processed for analyses in the second glove box.
The cores of the highly fractured bedrock in the first boring were taken using the
special handling procedures. In addition, once competent bedrock was reached and coring
commenced, a subset of all the cores were processed using the special handling
procedures.

2.8 Securing D rilled B oreholes
Well surface completions were similar to other existing monitoring wells at Pease.
The 20-cm pipe served as the protective casing, and had a locking cap installed. In most
instances, the well was nearly flush-mounted at the ground surface, with a relief above
existing grades of no more than 5-cm. In wooded or wetland locations, wells had a stickup in order to readily find them as well as prevent temporary flooding from making them
inaccessible.
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An open borehole provided an avenue where vertical migration of contaminants
might occur from contaminated fracture zones to clean fractures. To prevent this potential
migration and cross-contamination, and still maintain the preliminary borehole for future
groundwater quality sampling or other testing, an isolation plug was installed in each
borehole immediately after drilling was completed.
All instrumentation that was placed in the boreholes was decontaminated prior to
commencing field activities. No electrical tape or equipment were allowed to enter site
boreholes without being fully decontaminated and rendered clean. Instrument
decontamination proceeded as follows: rinse with isopropanol, wash with laboratory
soap, followed by two rinses with either bottled spring water or water from the bedrock
well providing drilling water. These decontamination procedures were followed before
instruments were placed in a borehole and after instruments were removed from the
borehole. If there had been an extended period of down time between decontamination
and equipment usage, the equipment were decontaminated a second time before it was
used in the next borehole. Decontamination wastewater was captured, collected, and
containerized for ultimate disposal at the Pease Site 8 water treatment facility.

2.9 Core Extrusion a n d F racture E xposu re
Pieces of the core that came out with exposed fracture faces, open either naturally
or by drilling (Figure 2-2B), were moved through the next air lock into the second bag
containing a hydrogen-based atmosphere (see Section 2.11). The nitrogen based
atmosphere in the first chamber was chosen to minimize risk of explosion as a result of
sparks generated by the cutting device. The hydrogen based atmosphere in the second
chamber allows for more effective removal of oxygen. A hammer and chisel technique
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had been found to be the most suitable for exposing another type of fracture face that was
sealed and came out intact. After being exposed, they were found to be partially coated
(partially mineralized sealed fractures, termed as PMSF, Figure 2-2B) with different
types of minerals (e.g., quartz, calcite, sulfide, chlorite, zeoloite, and hematite/limonite).
These minerals were also found on the faces of some of the fractures that came out
exposed (F). Cells were released and collected (described in Section 2.11 and 2.12) from
biofilms on the fracture faces (F and PSMF) within a single core and used in molecular
analyses (described below). It was hypothesized that biological activity associated with
TCE biodegradation was associated with biomass located on both types of fracture faces
of these cores.

2.10 O ptim izing Cell Collection P rocedure
We hypothesized that surface-associated microorganisms could exist on the
fracture surfaces. To optimize a cell collection procedure, glass slides were laid
horizontally in a stream located in the University of New Hampshire campus during the
month of August, 1999 to allow for microbial biofilm formation. After 5 days, the slides
were removed from the stream and kept in stream water at 4°C to be processed in the
same day. An ultrasonic bath (ULTRAsonik 28X, Ney Dental Inc., Yacaipa, CA) was
used to disassociate the biofilms from the glass slides. To determine the most effective
and least destructive power setting and exposure time, 3 different power settings and
exposure times were tested. 25% (low), 50% (medium), and 100% (high) of the
sonication power were combined with 5, 10, 15, and 20 min exposure times. In each
combination, 3 slides were exposed to ultrasonic waves and 2 slides were left untreated
for the corresponding time intervals (controls). Each slide was submerged in a 0.5L flask
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with 50 ml of phosphate-buffered saline (PBS: 0.61 g K H 2 PO 4 , 0.96 g K 2 HPO 4 , 8.5 g
NaCl, 1L sterile H 2 O; pH 7.00) (Lehman et al., 2001). The flasks that contained the slides
to be exposed to ultrasonic waves were hung and dipped into the ultrasonic bath
containing degassed deionized water. All disintegration experiments were performed at
4°C to prevent overheating of the water and consequently the submerged samples.
Total cell numbers were determined by direct counts of acridine orange-stained
cells using epifluorescent microscopy according to the method of Kepner and Pratt
(1994). Cells were fixed by adding 0.1 ml glutaraldehyde to 5 ml of cells and stored at
4°C until counting. Aliquots of the fixed samples were collected on 0.22 pm-pore-size
black polycarbonate membrane filters by vacuum filtration. Acridine orange was applied
at a final staining concentration of 2% for 2 min, followed by a filtered, autoclaved, and
deionized water rinse, drying of the filter, and mounting in immersion oil (Kieft et al.,
1993). A minimum of 10 fields was counted. The numbers of cells were calculated using
the formula:
#cells/ml = average number of cells * filter area / field area / volume filtered / dilution
factor.
Scrubbing the biofilm from a set of slides with a sterile blade and roughly rinsing
the slides with PBS estimated the efficiency of the medium power setting with 15 min
exposure time. The total cell counts were compared to the number of cells released from
a set of slides treated with the chosen biofilm disintegration protocol and those of a
control set.
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2.11 C ell H arvesting
After extrusion of the core, cutting the lexan liner to expose the core, and
exposing the fractures (F) and partially mineralized sealed fractures (PMSF) as described
in Section 2.9, the core pieces were placed onto a sterile aluminum foil sheet and
translocated to the adjoining chamber (H2 partial atmosphere). In the right chamber, each
core piece was hung with two column clamps from two opposite sides to balance the
weight. The surface of the fracture was positioned downwards into a 1L sterile beaker
that was hung with a chain column positioned inside the ultrasonic bath as close as
possible to the bottom. The bath contained degassed deionized water to allow
transmittance of the ultrasonic waves into the beaker. The surface was then submerged
with sterile PBS and exposed to the medium power setting for 15 min as described in
Section 2.10. After sonication, the fracture surface was rinsed with PBS. The PBS
supernatant fluids used to rinse each fracture half-surface were pooled in a sterile 0.5L
screw-capped glass bottle, appropriately labeled, and kept at 4°C in an icebox to be
transported to the laboratory.
In the laboratory, three 15 ml aliquots from each pooled supernatant fraction were
fixed with 0.3 ml glutaraldehyde to be stained with acridine orange (see Section 2.10).
The fixed samples were stored at 4°C for subsequent total cell counts as described in
Section 2.10. The remainder of the supernatant fluid was filtered by vacuum pressure
filtration using a 0.22 pm pore-size (45 mm in diameter) GVWP filters (Cheng et al.,
1999). The filters were placed in a sterile petri dish with appropriate labeling and frozen
immediately at -80°C for later DNA extraction (Fry et al., 1997). These filters retained

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

99.2% of S. algae Bry cells in an experiment to estimate filtration efficiency (data not
shown).

2.12 G roundw ater Sam pling
Groundwater samples were collected using the straddle-packer method that was
set between two inflatable packers. The straddle-packer was lowered so that the pump
intake was at the elevation of the fractures to be sampled. The packers were inflated
above and below the sampling interval (using compressed N 2 gas) to hydraulically isolate
the fractures from there in the rest of the well. A series of samples could be collected
during any given sampling event. When sampling was completed, the packers were
deflated and raised or lowered to the next sampling zone. This sampling process was
continued until all the selected fracture zones had been sampled. Purge water removed
from the wells was collected, stored in carboys at the Site 32 treatment plant, and finally
disposed of at the Site 8 groundwater treatment plant when a sufficient volume had been
collected.
The sampling of each fracture was meant to obtain representative water samples
(and attendant water quality) from the individual fracture. pH, conductivity (Q), and
temperature (T) were monitored and the values recorded once pumping of a given
fracture was initiated. This procedure continued until the monitoring indicated that the
real time parameters (pH, Q, and T) had stabilized. After collecting the groundwater
samples in the appropriate sample containers, the sample containers were placed on ice in
a cooler, and transported to the laboratory where they were filtered and stored similarly to
the PW samples (Section 2.7).
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Purge water removed from the wells was collected, stored in carboys at the Site
32 treatment plant, and finally disposed at the Site 8 groundwater treatment plant when a
sufficient volume had been collected.
The packer and pump assembly consisted of as much teflon and stainless steel
materials, along the water sample pathway to the surface, as practical, in order to
minimize adsorption of groundwater constituents to sampling equipment during pumping
and eliminate the need for decontaminating the packer apparatus between sampling
intervals within the same borehole. All sampling equipment was decontaminated between
wells by the standard site decontamination procedures as previously described (Section
2.2). All decontamination fluids were containerized, stored as above, and disposed at the
Site 8 groundwater treatment plant.

2,13 A n alytical M eth od R equirem ents
Factors to be considered when selecting appropriate analytical methods are
method detection limits, chemical species of interest, sample matrices, potential
interferences due to the matrices, and regulatory requirements. Three distinct types of
analyses were performed for the BBC research: direct physical measurements, chemical
measurements, and microbial or molecular measurements. Samples collected for
chemical analyses were stored and preserved in accordance with the methods referenced
in Section 2.14. The samples collected for molecular analyses were stored and processed
as described above. Most physical measurements were conducted immediately in the
field, and did not require sample storage. For those physical measurements conducted in
the UNH geological laboratory, cores were stored and preserved, if applicable, in
accordance with the standard petrographic techniques described by Hutchinson (1974).
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The analytical methods and limits of detection for chemical parameters are listed in Table
2-2, while a summary of direct physical measurements for each well is provided in Table
2-3. Due to the nature of the matrix being analyzed, these limits varied.

2.14 S am ple H an dlin g P rocedures
Soil, bedrock core, porewater, and groundwater samples were labeled, at a
minimum, with the well or borehole designation, depth interval and date, and sample
type, as follows: well number - sample depth - date - sample type
where typically the well/borehole number consisted of BBC# (# indicating the number of
the well (e.g., 1, 2, 3); the depth consisted of the depth interval (e.g., 12.0-14.0 ft); the
date was noted as MMDDYY (e.g., 010199 as representing January 1, 1999); and the
sample type was noted as SO for soil overburden, F for either natural or drilling induced
fractures, PSMF for partially sealed mineralized fractures that were opened by the
hammer, PW for the porewater associated with each core, and GW for the groundwater
collected at a specific depth after drilling was complete. A notation of the top and bottom
of the core was also made on each core liner. Table 2-4 summarizes the samples that
were collected during the course of this study and water volumes that were filtered in the
case of PW and GW samples.
Overburden soil and bedrock core samples collected for geological and microbial
analyses were sampled and handled in accordance with the procedures detailed above.
Cores for microbial analyses, transported from the sampling point in the anaerobic
transport box, were processed immediately upon arrival in the BBC site trailer, as
detailed in Sections 2.10 and 2.12. Geological sample preparation was performed after
the completion of microbiological processing. Groundwater samples were collected as
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Table 2-2: Laboratory Reporting Limits (Practical Quantification Limits, PQL) and
chemical analytical methods used in the BBC project (obtained from BBC
progress reports).
Analyte/Compound

Reporting
Reporting
Limit (PQL) Unit

Method/Reference

Inorganic Compounds
Alkalinity
5
0.1Ammonium
0.05
Bromide
Chloride
0.1
Copper
0.005
0.05
Ferric Iron
0.05
Ferrous Iron
Manganese
0.01
0.05
Nitrate
0.05
Nitrite
Potassium
2
0.1
Sulfate
pH (Field Method)
Specific Conductivity (Field Method)
Temperature (Field Method)

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mS/cm
°C

Standard Methods 2320.B
EPA 350.1
EPA 300.0
EPA 300.0
EPA 6010
Standard Methods 3500.B
Standard Methods 3500.B
EPA 6010
EPA 300.0
EPA 300.0
E P A 6010
EPA 300.0
Standard Methods 4500-H+ B
Standard Methods 2510 B
Standard Methods 2510 B

mg/L
pg/L
pg/L
fig/L

EPA 415.1
EPA 8015
E P A 8015
EPA 8015

pg/L
pg/L
pg/L
pg/L
pg/L

EPA 8260
EPA 8260
EPA 8260
E P A 8260
EPA 8260

Organic Compounds
Dissolved Organic Carbon
Ethane
Ethene
Methane

1
1
1
1

Volatile Organic Compounds
Vinyl chloride
Acetone
trans-1,2-dichloroethene
cis-1,2-dichloroethene
Trichloroethene

2
10
2
2
2
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Table 2-3: Physical measurement methodology used in the BBC project (obtained from
BBC progress reports).
Analysis/Measurement

Method/Reference

Subsurface Mapping
Digital borehole televiewer
Surface spacing and morphology analysis

Johnson, 1996; Johnson et al. 1998
Standard visual analysis

Borehole Geophysics .
Electrical resistivity
Self-potential
Natural gamma radiation
Temperature log
Acoustic televiewer record
Borehole flowmeter test
Electromagnetic conductance
Caliper
Omni-directional borehole radar
Directional borehole radar

Keys, 1988
Keys, 1988
Keys, 1988
Keys, 1988
Keys, 1988
Keys, 1988
Keys, 1988
Keys, 1988
Olssen et al., 1992; Stevens et al., 1995
Wright and Lane, 1998

Surface Geology
Ground-penetrating radar

Annan et al., 1988; Hammond and
Sprenke, 1991; Jezek, 1985; Fisher et
al., 1992a; Smith and Jol, 1992; Pratt
and Miall, 1993; Imai et al., 1987;
Fisher et al., 1992b; Meyers et al., 1996

Petrographic Analysis
Hutchison, 1974
Hutchison, 1974
Hutchison, 1974
Clesceri et al., 1998
Hutchison, 1974
Hutchison, 1974

X-ray diffraction
Point-counting
Thin Section staining
Petrographic analysis
Characterization o f fracture skins
Mineral identical and approximate
mode determination using Siemens
D5000 X-Ray Diffraktometer
X-ray photoelectron spectroscopy (XPS)

Linton et al., 1983; Hochella and Michael,
1988
Linton et al., 1983; Metson, 1990

Secondary ion mass spectroscopy (SIMS)

Fracture Conductivity & Connectivity
ASTM, 1996 a, b, c, and d; Kruseman and
DeRidder, 1990
ASTM, 1996 a, e, and f; ASTM 1997 a;
Kruseman and DeRidder, 1990
ASTM, 1996 a, e, and f; Kruseman and
DeRidder, 1990
ASTM, 1997 b; Drost et al., 1968; Halevy et
al., 1967

Hydraulic conductivity
Transmissivity
Storage parameter
Travel velocity
Fracture interconnectedness
Sensitive heal pulse flow meter tests
Electromagnetic flow meter tests
Hydraulic stress tests
Pumping tests

Hess, 1986
Molz and Young, 1993
ASTM, 1996 a; Kruseman and DeRidder,
1990; Stallman, 1983
ASTM, 1996 a, e and f; ASTM 1997 a;
Kruseman and DeRidder, 1990; Stallman,
1983

Transmissivity and storage
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Table 2-4: List of samples collected the course of this study including their description
and identification codes.
Well

ID

Description
well-(depth in ft)-mm/dd/yy-type

PW la
PW lb

BBC 1-(45-50)-053100-PW
BBC 1-(54-60)-060100-PW

1700
780

F la
Fib

BBCl-(45-50)-053100-F
BBC 1-(54-60)-060100-F

NA
NA

G W lal
G W lbl

BBC 1-(40-45)-022701-GW
BBC 1-(47-52)-022701-GW

600
700

GW la2
GW lb2

BBC 1-(40-45)-060401-GW
BBC 1-(47-52)-060401-GW

690
700

GWla3
GWlb3

BBC1 -(40-45)-090701-GW
BBC 1-(47-52)-090501-GW

1060
1110

GW la4
GW lb4

BBC l-(40-45)-061702-GW
BBC 1-(47-52)-061302-GW

1040
1070

S 03

BBC3-(3-29)-01 lOOO-SO

NA

PW3a
PW3b

BBC3-(58-60)-102600-PW
BBC3-(99-104)-110800-PW

950
1150

F3a
F3b
PMSF3bl
PMSF3b2

BBC3-(5 8-60)-102600-F
BBC3-(99-104)-l 10800-F
BBC3-(99-104)-l 10800-PMSF1
BBC3-(99-104)-110800-PMSF2

NA
NA
NA
NA

GW3al
GW3bl

BBC3-(59-64)-031601-GW
BBC3-(95-100)-031501-GW

1700
1175

GW3a2
GW3b2

BBC3-(59-64)-060401-GW
BBC3-(95-100)-060401-GW

580
600

GW3a3
GW3b3

BBC3-(59-64)-082401-GW
BBC3-(95-100)-082401-GW

1100
1160

GW3a4
GW3b4

BBC3-(59-64)-070202-GW
BBC3-(95-100)-062402-GW

1030
1110

BBC-5020-060401 -GW
BBC-5024-060401-GW
BBC-573-060401-GW
BBC-616-060401-GW
BBC-632-060401-GW
BBC-6008-060401-GW
BBC-6074-060401-GW

600
590
680
570
690
580
590

Volume Filtered
(ml)*

BBC1

BBC3

Pre-Existing Monitoring Wells
SP-5020
SP-5024
SP-573
SP-616
SP-632
SP-6008
SP-6074

Continued on following page
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Table 2-4—Continued

BBC4
GW4al
GW4a2

BBC4-(76-81)-072001-GW
BBC4-(76-81)-081001 -GW

850
1100

GW4bl
GW4b2

BBC4-(86-91)-072301-GW
BBC4-(86-91)-101201 -GW

1050
960

GW4cl
GW4c2

BBC4-(91-96)-072401-GW
BBC4-(92-97)-101101 -GW

1020
1310

GW4dl
GW4d2

BBC4-(96-101 )-072401-GW
BBC4-(97-102)-101101-GW

1030
1390

GW4el
GW4e2

BBC4-(101-106)-080201-GW
BBC4-(102-107)-101101-GW

990
1330

GW 4fl
GW4f2

BBC4-(108-113)-080201-GW
BBC4-( 107-112)-101001-GW

850
1120

GW 4gl
GW4g2

BBC4-(113-118)-080301-GW
BBC4-(113-118)-101001-GW

1080
1110

GW4hl
GW4h2

BBC4-(131-136)-080301-GW
BBC4-( 130-136)-100901 -GW

1100
1120

GW4il
GW4i2

BBC4-(136-141)-080301-GW
BBC4-(136-142)-100801 -GW

1120
1160

GW4jl
GW4j2

BBC4-( 160-165)-080901 -GW
BBC4-(161 -166)-100201 -GW

1110
1020

S05

BBC5-(25-50)-l 11401-SO

NA

GW5a
PMSF5a

BBC5-(95-100)-032002-GW
BBC5-(95-100)-l 21201 -PMSF

440
NA

GW5b
PMSF5bl
PMSF5b2
PMSF5b3

BBC5-(103-108)-032702-GW
BBC5-(103-108)-121301-PMSF1
BBC5-(103-108)-121301-PMSF2
BBC5-(103-108)-121301-PMSF3

1030
NA
NA
NA

GW5c
PMSF5cl
PMSF5c2
PMSF5c3

BBC5-(128-133)-042302-GW
BBC5-(128-133)-121801-PMSF1
BBC5-(128-133)-121801-PMSF2
BBC5-(128-133)-121801-PMSF3

1050
NA
NA
NA

GW5d
F5d
PMSF5dl
PMSF5d2
PMSF5d3

BBC5-( 13 8- 142)-042502-GW
BBC5-(138-142)-121901-F
BBC5-(138-142)-121901-PMSF1
BBC5-(138-142)-121901-PMSF2
BBC5-(138-142)-121901-PMSF3

1070
NA
NA
NA
NA

* NA: not applicable
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described in Section 2.12. A summary of preservation methods, holding times, and types
of containers required for chemical parameter analyses is presented in Table 2-5.
Additional handling and preparatory requirements prescribed by each analytical method
are noted in the methods summarized in Section 2.13.

2.15 P reparation o f G enom ic D N A fro m R eference S tra in s
Table 2-6 lists all strains, genomic DNA, and 16S rDNA clones used in this study.
The five sulfate-reducing bacterial isolates were kindly provided by Dr. Richard
Devereux (USEPA/NHEERL, Gulf Ecology Division, Gulf Breeze, FL) in Widdel Media
(Widdel and Bak, 1999) containing salt water, 0.2% yeast extract, and lactate (except for
Desulfobacterium autotrophicus, which contained malate in replacement of lactate) with
a 10% CO2 head space. The cultures were incubated at 37°C for 12 days upon arrival,
except for Desulfomicrobium escambianese and D. autotrophicus which were incubated
at 30°C and 28°C, respectively. Cultures of Geobacter metallireducens GS-15 and
Geobacter sulfurreducens PCA-1 were kindly provided by Dr. John Stolz (Department of
Biological Sciences, Duquesne University, Pittsburg, PA) in Fe(III)-citrate medium
(Senko and Stolz, 2001). Cultures of Shewanella algaee Bry, Bacillus subtilis 168, and
Escherichia coli W3110 were grown in Tryptic Soy Broth overnight at 28°C with
shaking at 150 rpm and these bacteria are part of the culture collection of the Department
of Microbiology in the University of New Hampshire.
Cells from each culture (approximately 30 ml) were harvested by centrifugation.
The cell pellets were washed 3 times with a washing buffer (0.88 g N a^PCE • H2 O,
16.13 g Na2 HP 0 4 , IE H2 O; pH 8.0). Genomic DNA was extracted based on the
procedures described by Marmur (1961) and Wallace (1987) for cell lysis and protein
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Table 2-5: Conditions for sample preparations for the chemical analysis of BBC
groundwater samples (obtained from BBC progress reports).
Analysis

Container

Preservation

Maximum
Holding Time

Alkalinity

P ,G

Ammonium

P, G

Bromide

P ,G

4°C

28 days

Chloride

P, G

4°C

28 days

Copper

P ,G

Dissolved Organic Carbon

G

4°C
freeze sample

14 days
> 1 8 0 days

H N 03 pH<2; 4°C

180 days

freeze sample

> 1 8 0 days

Dissolved Oxygen

P, G

Ethane, Ethene, Methane

G

HCL pH<2; 4°C

14 days

Ferric Iron

P, G

H N03 pH<2; 4°C

24 days

Ferrous Iron

P ,G

H N 03 pH<2; 4°C

24 days

Manganese

P ,G

H N 03 pH<2; 4°C

180 days

Nitrate

P ,G

4°C

48 hours

Nitrite

P, G

4°C

48 hours

pH

P, G

Potassium

P ,G

Semi-Volatile Organics

analyze
immediately
H N 03 pH<2; 4°C
4°C

6 (1000 ml)

Specific Conductance

P, G

Sulfate

P ,G

Temperature

P, G

Turbidity

P, G

Volatile Organics

analyze
immediately

G (2) vials

180 days
7 days pre
extraction, 28
days post
extraction
analyze
immediately

4°C

28 days
analyze
immediately

4°C
H N 03 pH<2; 4°C

* P: plastic; G: glass.
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48 hours
180 days

Table 2-6: Reference strains, 16S rDNA clones, and genomic DNAs used in this study
and their sources.

Species

Source **

Sample Type

Methanotronhs
Methylococcus capsulatum Bath (Type I)

genomic DNA

Dr. M. LynneCollins
Dr. M. Lynne
Collins

Methylosinus trichosporium OB3B (Type II) genomic DNA

Ammonia Oxidizer
Nitrosomonas europaea ATCC 19718

genomic DNA

Dr. D. Arp

culture
culture
culture
culture
culture
genomic DNA

Dr.
Dr.
Dr.
Dr.
Dr.
Dr.

culture
culture
culture

Dr. J. Stolz
Dr. J. Stolz
UNH collection

genomic DNA

Dr. T. Hoover

Sulfate-Reducing Bacteria
Desulfobulbus propionicus *
Desulfomicrobium escambiense
Desulfovibrio desulfuricans ATCC 27774 *
Desulfococcus metallivorans
Desulfobacterium autotrophicum
Desulfovibrio gigas

R.
R.
R.
R.
R.
E.

Devereux
Devereux
Devereux
Devereux
Devereux
Sullivan

Iron-Reducing Bacteria
Geobacter metallireducens GS-15 *
Geobacter sulfurreducens PCA
Shewanella algaee Bry

Planctomvcetales
Planctomyces limnophilus

Methanogenic Archaea
Methanosarcina barkeri *
Methanolobus bombayensis
Methanosaeta concilii
Methanospirillum hungatei
Methanobacterium bryanti
Methanothermobacter thermoautotrophicus
Methanococcus jannaschii

lyophilized
lyophilized
lyophilized
lyophilized
lyophilized
lyophilized
lyophilized

genomic
genomic
genomic
genomic
genomic
genomic
genomic

DNA
DNA
DNA
DNA
DNA
DNA
DNA

Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.

T.
T.
T.
T.
T.
T.
T.

Lueders
Lueders
Lueders
Lueders
Lueders
Lueders
Lueders

Dehaloresnirers
Dehalococcoides sp. FL2
Desulfuromonas sp. BB1
Dehalococcoides ethenogenes

16S rDNA clone
16S rDNA clone
genomic DNA

Dr. F. Loftier
Dr. F. Loftier
Dr. S. Zinder

genomic DNA
culture
culture

Dr. C. Lovell
UNH collection
UNH collection

Miscellaneous
Clostridium formicoaceticum ATCC 23439
Bacillus subtilis 168*
Escherichia coli W3110

* These prokaryotic strains were used to establish the standard curves for real tim e PC R quantification (see Section
2.25).
** UNH: U niversity o f N ew Hampshire.
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digestion with a few modifications. One mL of EST buffer (40 mM EDTA, 75 mM
sucrose, and 50 mM Tris-HCl; pH 8.3) containing 1 mg lysozyme was added to the cell
pellets and incubated at 37°C for 1 hour with gentle shaking. Then, 200 pg /ml of
proteinase K and sodium dodecyl sulfate (2% final concentration) were added and
samples were incubated at 56°C for 1 hour. The cell lysates were subjected to 3 cycles of
freezing and thawing at -80°C and 100°C for 20-30 min and 10-15 min, respectively. The
samples were centrifuged at 16,060 x g for 3 min to remove cell debris. The supernatant
fluid (450 pi) was transferred to a fresh 2 ml microfuge tube and DNA was precipitated
by the use of the UltraClean™ Soil DNA kit (MoBio Laboratories Inc., Solana Beach,
CA) starting at step 9 of the manufacture’s suggested protocol. DNA was eluted twice
from the spin filter with 50 pi elution buffer (EB: 10 mM Tris-HCl; pH 8.0) provided in
the kit. These genomic DNA samples were further purified according to DNA
purification protocol provided with the QIAEX® II Gel Extraction kit (QIAGEN,
Valencia, CA).
The 16S rDNA clones of Dehalococcoides sp. FL2 and Desulfuromonas sp. BB1
were kindly provided by Dr. Frank Loffler (School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta, GA). The plasmids were extracted
using QIA Spin Miniprep kit (QIAGEN, Valencia, CA) and purified from a 1% agarose
gel using the QIAEX® II Gel Extraction kit following the manufacture’s instructions. The
purified plasmids were used as a template for subsequent PCR.
The genomic DNA of methanogens (Table 2-6) was kindly provided by Dr.
Tillman Leuders (Department of Biogeochemistry, Karl-von-Frisch Strasse, Marburg,
Germany) in a lyophilized state and eluted in EB, upon arrival.
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Genomic DNA solutions of Methanotrophs type I and II (Table 2-6), provided by
Drs. Kim Fode and Mary-Lynne Collins (Department of Biological Sciences and Great
Lakes

Water

Institute,

University of Wisconsin-Milwaukee,

Milwaukee,

WI),

Nitrosomonas europea, provided by Dr. Daniel Arp (Department of Molecular and
Cellular Biology, Oregon Sate University, Corvalis, OR), Desulfovibrio gigus, provided
by Dr. Elise Sullivan (Department of Microbiology, University of New Hampshire,
Durham, NH), Clostridium formicoaceticus, provided by Dr. Charles Lovell (Department
of Biological Sciences, University of South Carolina, Columbia, SC), Dehalococcoides
ethenogens, provided by Dr. Stephen Zinder, (Department of Microbiology, Cornell
University, Ithaca, NY), Planctomyces limnophilus, provided by Dr. Tim Hoover
(Department of Microbiology, University of Georgia, Athens, GA), and other genomic
DNA samples prepared as described above were quantified using a Beckman DU-600
spectrophotometer (Fullerton, CA) and the concentrations were adjusted to 10 ng/pl with
EB for subsequent PCR.

2.16 D N A E xtraction fro m B B C Sam ples
Microbial DNA was extracted directly from soil samples and filters using
UltraClean™ Soil DNA and UltraClean™ Water DNA kits (MoBio Laboratories Inc.,
Solana Beach, CA), respectively. The manufacture’s suggested protocols were followed
with the following slight modifications. To increase efficiency of cell lysis, three freezethaw cycles at -80°C and 100°C were added after the bead-beating phase of the MoBio
protocols. DNA extraction of each soil sample (0.75 g each) was performed in triplicate
and these extracts were pooled just before the elution step. GVWP filters of the core and
groundwater samples were cut into small pieces with a sterile blade before DNA
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extraction. The final DNA eluate of the core and groundwater samples was concentrated
by the addition of 0.7 volume of isopropanol (equilibrated to room temperature) and 0.1
volumes of 3 M Na-acetate (pH 5.2) and centrifugation (16,060 x g) for 15 min at 4°C.
DNA pellets were washed once with ice-cold 70% ethanol, air dried for 15-20 min at
room temperature, and re-suspended in 100-200 pi EB. All of the DNA solutions were
further purified using QIAEX® II Gel Extraction kit according to manufacture’s
instructions. DNA was quantified and checked for purity by recording 260/280
absorptions with a Beckman DU-600 spectrophotometer. The DNA concentrations were
adjusted to 10 ng/pl with EB for subsequent PCR.

2.17 PCR Amplifications
The 16S rRNA genes from mixed bacterial/archaeal DNA were amplified by PCR
(Saike et al., 1988). Table 2-7 lists the primer sequences used in this study, while the
primer sets for each target group and their corresponding annealing temperatures are
presented in Table 2-8. For DGGE analysis, a GC-rich sequence was attached to the 5'
end of either the forward or the reverse primer for each primer pair. This GC-clamp
prevents complete melting of the PCR products during separation on the denaturing
gradient (Muyzer et al., 1993).
PCR amplifications were performed with a PTC-200 Peltier Thermal Cycler (MJ
Research, Massachusetts, USA). The PCR was performed in duplicate with 25 pi reaction
volumes. The standard reaction mixture consisted of: 10 ng of target DNA (1 pi), 0.5 pM
of each appropriate primer, 2.5 pi of 10X PCR buffer (10 mM Tris-HCL, 50 mM KCL,
15 mM MgCb, pH 8.3), 50 pM of each deoxynucleoside triphosphate, 0.75U AmpliTaq®
DNA Polymerase (Perkin Elmer, NJ), and nuclease-free sterile water to a final volume of
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Table 2-7: Primers used in this study.
Primer b Sequence (5' to 3') c

Position ’

Specificity (Reference)

1492R
907R
522R

GGTTACCTTGTTACGACTT
CCGTCAATTCCTTTRAGTTT
GWATTACCGCGGCKGCTG

1492-1510
907-927
522-536

Universal (Lane, 1991)
Universal (Lane et al., 1985)
Universal (Giovannoni et al., 1988)

A rc h a e a
16S rRNA
V3 region
V3 region

21F
340F*
915R

TTCCGGTTGATCCYGCCGGA
CCCTACGGGGY GCASCAG
GTGCTCCCCCGCCAATTCCT

2-21
340-357
915-934

Archaea (Giovannoni et al., 1988)
Archaea (0vreas etal., 1997)
Archaea (Amann et al., 1995)

B a c te ria
16S rRNA
V3 region

27F
33 8F*

AGAGTTTGATCMTGGCTCAG
ACT CCT ACGGGAGGC AGC

8-27
338-355

Bacteria (Lane, 1991)
Bacteria (Am annetal., 1990)

Type I

84F

CCTTCGGGMGCYGACGAGT

84-102

Methylomonas, Methylobacter, Methylomicrobium,
Methylococcus, 100% identity to someAlcaligenes spp.,
Ectothiorhodospira spp., and Thiobacillus spp., as well as
some uncharacterized bacteria (Wise et al., 1999)

Type I

988R

GATTCYMTGSATGTCAAGG

988-1006

Methylomonas, Methylobacter, Methylomicrobium,
Methylococcus, M. capsulatus, and 100% identity to
unidentified Vibrionaceae clone (GeneBank acecession no.
U14852 (Wise et al., 1999)

Type II

997R

CATCTCTGRCSAYCATACCGG

997-1017

Specific to Methylocystis and Methylosinus (Wise et al., 1999)

Nitrifyers

137F

CTT AAGT GGGGAATAACGCATCG

137-159

Nitrifying bacteria o f the p-subclass and o f Proteobacteria >
75% identity for Rhodocycluspurpureus and Spirillum
volutans (Voytek and Ward, 1995)

Nitrifyers

1214R

TTACGTGTGAAGCCCTACCCA

1214-1234

Nitrifying bacteria o f the P-subclass and o f Proteobacteria >
75% identity for Rhodocyclus purpureus and Spirillum
volutans (Voytek and Ward, 1995)

Target
U niversal
16S rRNA
V3 region
V3 region

M ethanotrophs

A m m onia O xidizers

Continued on following page
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T a b le 2-1—Continued
Sulfate reducers
Sulfate reducers

385F

CCT GACGC AGCIACGCCG

385-402

Sulfate-reducing bacteria, also nontarget sequences, e.g.,
Chlorobium, Campylobacter, and Clostridium (Amman et al.,
1990a)

825R

TACCCGCRACACCTAGT

825-841

Geobacteraceae (Snoeyenbos-West et al. 2000)

Dehalococcoides

728F

AAGGCGGTTTT CTAGGTTGT CAC

728-758

Dehalococcoides

1172R

CGTTT CGCGGGGC AGT CT

1172-1155

Desulfuromonas

205F*

AACCTTCGGGTCCTACTGTC

205-222

Desulfuromonas

1033R

GCCGAACT GACCCCT AT GTT

1033-1015

Dehalococcoides ethenogenes, and Dehalococcoides sp. strain
FL2 (Loffler et al. 2000)
Dehalococcoides ethenogenes, and Dehalococcoides sp. strain
FL2 (Loffler et al. 2000)
Desulfuromonas chloroethenica, and Desulfuromonas sp.
strain BB1 (Loffler et al. 2000)
Desulfuromonas chloroethenica, and Desulfuromonas sp.
strain BB1 (Loffler et al. 2000)

932R*

AGCT CCACCCGTTGTAGT

932-948

Iron-Reducers
Geobacteraceae

Dehalorespirers

Anaerobic Methane
Oxidizers
ANME-2 group

ANME-2 related to Methanosarcinales (Boetius et al. 2000)

a 16S rRNA position, E. coli (Brosius et al. 1978).
b A GC-clamp: 5'-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCC-3' was attached at the 5' end o f either the forward or reverse primer when
DGGE analysis was intended (Muyzer et a l, 1998).
0 I, inosine; M = A or C; R = A or G, S = G or C, Y = C or T, W = A or T, K = G or T.
Used for sequencing the corresponding microbial group.
** 338F was used for sequencing o f Geobacteraceae.
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Table 2-8: Primer sets and their annealing temperatures used to amplify microbial
groups.
Target

P rim e r Set

Annealing
Temprature (°C)

Remark

16S o f B acteria
V3 o f B acteria

27F, 1492R
3 3 8 F ,9 0 7 R

56
56

direct
direct

16S o f A rchaea
V3 o f A rch aea

2 IF, 1942R
340F, 915R

56
58

direct
nested *

Type I Methanotrophs
Type II Methanotrophs

8 4 F ,9 8 8 R
27F, 997R

58
58

direct
direct

Sulfate reducers

385F, 907R

56

nested *

Geobacteraceae

3 3 8 F ,8 2 5 R

.5 8

direct

Ammonia-Oxidizers

1 3 7 F ,1 2 1 4 R

58

direct

Dehalococcoides
Desulfuromonas

7 2 8 F ,1 1 7 2 R
205F , 1033R

58
58

nested
nested

Anaerobic Methane
Oxidizers

3 4 0 F ,9 3 2 R

58

nested *

The template was 0.5 pi o f the purified archaeal 16S PCR products produced by 2 IF and 1492R (see text).
The template was 0.5 pi o f the purified bacterial 16S PCR products produced by 27F and 1492R (see text).
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25 fil in a 0.2-ml vial. The following thermal cycling parameters were used. An initial
DNA denaturation step at 94°C for 2.5 min was followed by 10 cycles of denaturation at
94°C for 30 sec, primer annealing at 56°C or 58°C (see Table 2-8) for 45 sec, and primer
extension at 72°C for 1 min. This step was followed by 10 cycles of denaturation at 94°C
30 sec, 1 min. primer annealing at 56°C or 58°C (see Table 2-8) for 1 min and primer
extension at 72°C for 90 sec. This stage was followed by 13 cycles of 30 sec denaturation
at 94°C for 30 sec, primer annealing at 56°C or 58°C (see Table 2-8) for 75 sec, primer
extension at 72°C for 2 min 15 sec and a final extension step of 7.5 min (Wise et al.,
1999). Sample were amplified in triplicates (25 pi each) to minimize PCR drift (Polz and
Cavanaugh, 1998) and pooled before using 5 pi for visualization of PCR products by
electrophoresis on agarose gels (2% wt/vol) stained with ethidium bromide. The pooled
amplicons were purified using QIAquick® PCR Purification kit (QLAGEN, Valencia, CA)
and eluted with 35 pi EB. The reaction mixtures yielding products of the expected size
were used for DGGE analysis. When nested PCR was performed, 0.5 pi of the purified
16S rDNA archaeal or bacterial amplicons was used as a template for the second PCR
round as described above.

2.18 D G G E P rofiling
DGGE was performed with a Bio-Rad DCode system (Bio-Rad, CA) as described
previously (Muyzer et al., 1993; and Teske et al., 1996). Fifty to one hundred percent of
the PCR product (depending on band intensity exhibited on agarose gels) in 35 pi total
volume was mixed with 5 pi of 3X tracking dye and applied directly to DGGE gel.
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For DGGE, the matrix consisted of 1 mm thick, 8% (wt/vol) polyacrylamide
(ratio of acrylamide to bisacrylamide, 37.5:1) gel in 0.5X TAE buffer (20 mM Tris-HCl
[pH 8.00], 10 mM acetate, and 5 mM NaaEDTA) with denaturing gradients ranging from
40 to 60% (100% denaturant corresponds to 7 M urea and 40% [vol/vol] deionized
formamide). The denaturing gradient was made with a Bio-Rad model 475 gradient
delivery system and the DGGE gels were allowed to polymerize for at least 2 hrs before
use. Electrophoresis was performed for 16 hrs at constant voltage of 70V and temperature
of 60°C. After electrophoresis, the gels were incubated for 5 min in 0.5X TAE containing
ethidium bromide (0.5 mg/L) and destained for 2 hrs in 0.5 X TAE. Resolved PCR
products were visualized and photographed under UV transillumination. A Polaroid MP4 Land Camera (Polaroid) was with Polaroid Type 55 Black and White film for
photodocumentation. Film was exposed for 20 s at an F stop of 4.5.
DNA fragments to be nucleotide sequenced were excised from the gel with sterile
pipette tips and placed in sterilized microfuge tubes. After 30 pi EB were added to the
tubes, they were incubated overnight at 4°C that allowed the DNA to passively diffuse
into the EB. These samples of partial 16S rDNAs were reamplified from the eluate, as
described above with the following exception: 3 pi of the band eluate was used as a
template in a 25 pi PCR reaction volume containing 0.1 pM of each primer and 0.5U of
the AmpliTaq® DNA Polymerase. Following amplification, the PCR products were
analyzed by a second DGGE to confirm their electrophoretic mobility relative to the
original fragment and as a further purification step. The isolated bands were excised and
reamplified as described above, with the following exceptions: the primer set contained
no GC clamp (Muyzer et al., 1998) and 5 pi were used as a template in a 50 pi PCR
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reaction volume containing 0.1 pM of each primer and 1 U of the AmpliTaq® DNA
Polymerase. These PCR products were purified by using QIAquick® PCR Purification
Kit (QIAGEN, Valencia, CA) and eluted with 25 pi EB for subsequent sequencing
reactions.

2.19 Sequencing
DNA was sequenced by using the DYEnamic™ ET Terminator Cycle Sequencing
Kit (Amersham Pharmacia Biotech, Piscataway, NJ) and an ABI 377A automated
sequencer (Applied Biosystems, Foster City, CA.) at the University of New Hampshire
Sequencing Facility. The primers used for sequencing are listed in Table 2-8. The
sequencing reaction consisted of the following components: 4 pi of the DYEnamic™ ET
Terminator premix provided with the sequencing kit, 1 pi of primer (5 pmol/pl), 2-2.5 pi
of the purified PCR product, 1 pi of Pellet Paint® NF Co-Precipitant (Novagen Inc.,
Madison, WI), and 1.5-2 pi distilled H2 O to reach a final volume of 10 pi. The following
thermal cycling parameters were used for 35 cycles: denaturation at 94°C for 20 s, primer
annealing at 50°C for 15 s, and primer extension at 60°C for 1 min. The sequencing
reactions were precipitated according to the protocol provided with the Pellet Paint® NF
Co-Precipitant and delivered to the sequencing facility for loading onto sequencing gels.
Sequences were manually manipulated in the BioEdit version 5.0.9.1 program (Hall,
1999). The nucleotide sequences reported in this dissertation have been deposited in the
GenBank database under accession numbers AY501485 to AY501883. A coding letter
was given to each set of sequences originating from amplification with different primer
sets (B, Bacteria-, A, Archaea-, AMO, anaerobic methane oxidizers; G, Geobacteraceae\
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Dfa, Dehalococcoides sp.; Ds, Desulfuromonas sp.; S, sulfate reducers) which appeared in
the database.

2.20 P hylogenetic A nalysis
Database searches for related sequences were conducted using the Sequence
Match program in the Ribosomal Database Project (Cole et al., 2003) and the GenBank
database. The multiple alignment program, ClustalX version 1.81, was used to align the
sequences (Thompson et al., 1997). Phylogenetic trees were constructed by the neighborjoining method with the Bootstrap N-J Tree function of the ClustalX program (version
1.81). Any gaps or any ambiguous bases were not included in the phylogenetic
calculations. The Chimera Check program from the Ribosomal Database Project (Cole et
al., 2003) was used to identify any chimera sequences. Only two chimera sequences were
detected and these were subsequently removed from the analysis.

2.21 Im age A n alysis
DGGE banding patterns were analyzed by the use of QuantityOne software
version 4.1 (Bio-Rad, CA). After applying the rolling disk background subtraction
(setting 3), each lane was analyzed. The number of bands present was determined based
on their migration position and the average intensity of each band relative to the
cumulative intensity value of all bands was measured for each lane. If a measured band
accounted for less than 0.2% of the total lane intensity, it was ignored in the analysis. All
of the DGGE fingerprints were evaluated with these software settings. Dendograms were
constructed from a cluster analysis of the banding patterns using unweighted pair group
method arithmetic averages (UPGMA) and the neighbor-joining methods. When band
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intensity was not included in these analyses, the unweighted analysis used only band
migration distance. In some cases, band migration distance and intensity were included
for weighted analysis.

2.22 Q uantification w ith R ea l Tim e P C R
In this dissertation research, the approach of Takai and Horikoshi (2000) was used
to quantify the abundance of each microbial group in the samples. This quantification
method involves determining the amount of the archaeal 16S rRNA gene present in a
population compared to total 16S rDNA present. Specific primers for archaeal 16S rDNA
were used to amplify DNA, probed with the V3 region of Archaea and compared to the
DNA amplified with universal primers probed with the same region (Takai and
Horikoshi, 2000). To quantify different microbial groups with primers designed against
different regions in the 16S rRNA gene, this was not possible. Thus, whole 16S rDNA
was used as a template to quantify various microbial groups via a nested-real time PCR
approach and instead of designing specific probes for each microbial group SYBR Green
I chemistry was used to quantify the yield. This also allowed us to exploit previously
published and frequently implemented primer sets for each microbial group that were
tested for their specificity and efficiency. Furthermore, the same real time PCR
conditions were possible for all the microbial groups minimizing the variability that
might be exhibited in the PCR reaction as a result of different annealing temperatures that
are needed for different primer sets; which in turn allowed quantifying different microbial
groups with different primer sets in the same run and subsequently reducing time and
labor.
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2.22.1 Preparation o f the Standard Curves
Bacterial or archaeal 16S rDNA was amplified from the reference strains listed in
Table 2-6. The primers 27F (for Bacteria) and 21F (for Archaea) were used with 1492R
(universal) to amplify the prokaryotic 16S rRNA gene as described in Section 2.17,
except that 2.5 U of AmpliTaq® DNA Polymerase were used in a 100 pi of PCR reaction
volume. The PCR products were visualized on a 2% agarose gel stained with ethidium
bromide and subsequently purified as above and eluted in 50 pi EB. To quantify the
amount of the 16S rDNA produced, band intensities of triplicates on ethidium bromidestained agarose gels were estimated using the Quantity One software version 4.2 installed
onto a Gel Doc 1000 system (BioRad, CA). The intensities were compared to a known
concentration of a 100 bp DNA Ladder (Promega Corp., Madison, WI) loaded onto the
same agarose gel to deduce the concentrations of the 16S rDNA for each reference strain.
The concentrations of the 16S rDNA were adjusted to 10 ng/pl with EB.
Several 16S rDNA mixtures to quantify Bacteria, Archaea, sulfate reducers,
Geobacteraceae, Dehalococcoides, Desulfuromonas, Planctomycetales, and anaerobic
methane oxidizers were made by mixing equal amounts of the (final concentration 10
ng/pl) 16S rDNA. The components of each mixture are listed in Table 2-9. Ten-fold
serial dilutions were made with EB to establish the standard curves for real time PCR.

2.22.2 Preparation o f the BBC Samples
The 16S rRNA gene from the BBC environmental samples was amplified as
described, except that different PCR conditions were used to minimize bias in the
amplification process. Triplicate tubes of each sample were amplified using 1 pi of the
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undiluted stock DNA solutions of the environmental samples as a template in a 25 pi
reaction volume containing 0.005 pM of the primer set (27F and 1492R) for the
amplification of Bacteria. Replicate PCR amplifications were mixed to normalize the
biases that might be exerted in the amplification process because biases tend to fluctuate
in different PCR tubes (Polz and Cavanaugh, 1998). The thermal cycling parameters
consisted of the following: an initial denaturation step at 95°C for 3 min; followed by 10
cycles denaturation of 95°C for 1 min, annealing at 50°C for 1 min, and extension at
72°C for 1 min each; and a final extension step at 72°C for 3 min. The lower cycle
number and annealing temperature were previously found to reduce the bias in templateto-product ratios in multitemplate PCR reactions (Ishii and Fukui, 2001; Polz and
Cavanaugh, 1998; Suzuki and Giovannoni, 1996). Variation in the final primer
concentration from 0.005 pM to 0.5 pM, in the subsequent real time PCR round
(described below), improved the amplification of diluted target DNA species (Picard et.
al., 1992). In the case of Archaea, the whole 16S rDNA template for real time PCR was
prepared as described in Section 2.17, since they existed in very low number in the BBC
environmental samples. Triplicates of both the bacterial and archaeal 16S rDNA were
pooled and purified as described above were and eluted with 70 pi EB. These purified
bacterial and archaeal 16S rDNA were used as templates to quantify the different
microbial groups using the same primer sets used for DGGE (see Table 2-7 and 2-8) via
nested real time PCR (described below).

2. 22.3 R eal Tim e PCR
Real time PCR was performed using GeneAmp® 5700 Sequence Detection
System (Applied Biosystems, Foster City, CA) Each sample was run in triplicate with 25-
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pi total volume using MicroAmp® Optical reaction tubes and Micro Amp® Optical Caps
(Applied Biosystems, Foster City, CA.). For these experiments, 3 pL of the purified 16S
rDNA was mixed with 72 pi of reaction Master mixture containing 0.5 pM (final
concentration) of the reverse and forward primers (3 pi each) and 37.5 pi of 2X
Mastermix from the SYBR® Green PCR Master Mix Kit (Applied Biosystems, Foster
City, CA.) and 28.5 pi distilled water. The 2X Mastermix consisted of 0.5 U/pl
AmpliTaq® Gold polymerase enzyme for hot start PCR, 1.5 mM MgCfi, reaction buffer
included in the kit, 200 pM of dATP, dCTP, and dGTP, 400 pM dUTP, 0.01 U/pl
AmpErase® UNG, 0.5% gelatin, and SYBR Green I dye. After the mixing, the 25 pi
aliquots were distributed into 3 optical PCR tubes for each sample. The use of a master
mix preparation reduced sample variability attributed to pipetting errors.
Amplification was carried out in a GeneAmp® 5700 Sequence Detection System
adapted on a 96-Well GeneAmp® 9600 PCR System (Applied Biosystems, Foster City,
CA.). The assay mixture was preheated at 50°C for 2 min to activate the AmpErase®
UNG enzyme (for controlling the carry-over contamination) and at 95°C for 10 min to
activate the AmpliTaq® Gold polymerase enzyme (hot-start) before 50 cycles of a threestep cycling program (denaturation at 95°C for 30 sec, annealing at 50°C for 30 sec, and
extension at 72°C for 1 min and 30 sec. The amount of fluorescent product was
determined at the last step of each cycle. After completion of amplification, a melting
curve was obtained for the final product to determine specificity of the amplification.
Slow heating the product from 62.2°C to 92.2°C with 0.1° C/sec increments, and
assaying fluorescence at 0.4°C intervals determined the melting curve.

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 2-9: Constituents of the reference control mixtures used to determine the standard
curves for real time PCR quantification.
M ic ro b ia l G roup
Bacteria

R e fe re n c e S train C o m p o n e n ts )
D. propionicus, D. escambianese, D. multivorans
D. desulfuricans ATCC 27774, D. autotrophicum
Dehalococcoides sp. FL2, Desulfuromonas sp. BB1,
D. ethenogenes, B. subtilis, C. formicoaceticus ATCC
23439,
S. algae Bry, P. limnophilus, G. metallireducens GS-15,
G. sulfurreducens PCA

Archaea

M. barkeri, M. bombayensis, M. concilii, M. hungatei,
M. jannaschii

Sulfate reducers

D. propionicus, D. escambiense, D. multivorans
D. desulfuricans ATCC 27774, D. autotrophicum

Geobacteraceae

G. metallireducens GS-15, G, sulfurreducens PCA-1
S. algae Bry

Dehalococcoid.es

D. ethenogenes

Desulfuromonas

Desulfuromonas sp. B B 1

Anaerobic Methane Oxidizers

Same as Archaea
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Dilutions of purified 16S rDNA from control strains were used to construct
group-specific calibrations curves. These calibration curves were used to calculate the
group-specific 16S rDNA concentration in the environmental samples. A threshold value
for the fluorescence of all samples and the standard curves was set manually in
accordance with the instruction manual of the GeneAmp® 5700 Sequence Detection
System. The reaction cycle at which the fluorescence of SYBR Green I exceeded the
threshold fluorescence was identified as threshold cycle Cy (Heid et al., 1996) and was
used for construction of standard curves for quantitative PCR. A high Cy value
corresponded to a small amount of template rDNA, and a low Cy corresponded to a large
amount of template present initially. Data were exported into a Microsoft® Excel® for
further statistical analysis. The data and graphics were analyzed and presented with a
Microsoft® Excel®-based software application coded in Visual Basic for Applications,
called Q-Gene (Muller et al., 2002).
To determine cell numbers or abundance, the various copy numbers of the rRNA
molecule found in different organisms needs to be known and used as a correction factor.
Thus, the calculated concentrations were divided by estimated copy numbers retrieved
from the Ribosomal RNA Operon Copy Number database (http://rrndb.cme.msu.edu).
The average rRNA copy number for Bacteria and Archaea were 4.0 and 1.5, respectively
(Klappenbach et al., 2001). The anaerobic methane oxidizers are assumed to belong to
the Methanosarcinales (Hinrichs et al., 1999) that possesses 3 copies of the rRNA operon
on average (Klappenbach et al., 2001). For sulfate reducers and Geobacteraceae, the
average rRNA copy number used was 2.7; since both of them belonged to the 5Proteobacteria (Lonergan et al., 1996, Castro et al., 2000). The Dehalococcoides sp.
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belongs to the green nonsulfur bacteria that possess about 2.5 rRNA operons on average
(Klappenbach et al., 2001).
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3.0 Results and Discussion
3 d D isassociation o f the Fracture Surface Assemblages
Microorganisms need to be disassociated from surfaces prior to their
characterization. The removal of these microorganisms from the bedrock fracture
surfaces presents unique challenges. Usually, surface-associated microorganisms growing
in porous media or sediments are removed by sectioning the sediment cores and
homogenizing and blending the Sections in an extraction buffer (Lehman et al., 2001a
and 2001b; Colwell et al., 1992). The bedrock cores obtained from Site 32 were too hard
and dense to effectively Section, pare and crush under anoxic, aseptic conditions. An
alternative approach incorporating a sonication was used to overcome this obstacle. This
approach has been used successfully to separate cells from soil particles (Hopkins et al.,
1991) and the surfaces of leaves (Morris et al., 1998).
Optimal conditions for removing biomass from fracture surfaces were determined
by using glass slides seeded with bacteria and treated as described in the methods. In the
first trials, the detergent Zwitergent 3-12 was added to the extraction buffer to enhance
the separation of the microbial cells from the fracture surfaces. However, the addition of
the detergent caused problems by increasing the viscosity of the extraction buffer and
prolonging filtration time (data not shown). Although Torsvik (1995) suggested that
distilled water yields a higher number of cells released from soil particles than does PBS,
the viable counts of S. algae Bry were at least one order of magnitude higher with PBS
than with distilled water (data not shown). For all further work, PBS without a detergent
was used as an extraction buffer, which has been used in other studies (Lehman et al.,
2001

a).
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Figure 3-1 shows the effect of different exposure times and power settings.
Sonication treatment released a significant number of cells compared to the control
(analysis of variance [ANOVA] with replication; low power, F = 16.16; medium power,
F = 9.64; high power, F = 16.57; all treatments had P values < 0.0001). The exposure
times within each treatment were significantly different (i.e., less or more effective;
ANOVA; F = 35.75, P = 0.0004), but there was no significant difference among the three
treatments for each exposure time (ANOVA; F = 1.12, P = 0.41). At all power settings,
15 min treatment released the highest number of cells. The reduced cell numbers with a
20 min treatment was probably caused by cell lysis. Visual observations of the samples
showed higher levels of cell debris in the acridine orange-stained slides supporting this
hypothesis (data not shown). The above treatments did not significantly affect the
viability of S. algae Bry cells (data not shown). Since there was no significant difference
among the different treatments, a 15 min treatment at a medium power setting was used
for all further experiments to allow more efficient and less destructive biofilm
disassociation.
To estimate the efficiency of this treatment the following control was performed.
With a sterile blade and roughly rinsing the slides with PBS, the microbial biofilm was
scmbbed from the slides. These total cell counts were compared to the number of cells
released by each sonication treatment. The chosen protocol released approximately 80%
of the cells from the surfaces of the glass slides (Figure 3-2). The efficiency of cell
release was also estimated on bedrock samples from site 32 that were seeded with P.
fluorescence ATCC 13575. Approximately 70% of the cells detected were released from
the bedrock surface (Figure 3-2).
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Figure 3-1: Results of biofilm disassociation experiments at the low (A), medium (B),
and high (C) power settings. Biofilms were established on glass slides as described in the
Materials and Methods. Values are the average of three measurements. Error bars
represent one standard deviation.
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Figure 3-2: Results of biofilm disassociation efficiency determination experiments at the medium power setting. Biofilms were
established on glass slides and bedrock material as described in the Materials and Methods. Values are the average of five replicate
samples. Error bars show one standard deviation.
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3.2 P rim er S p ecificity
The specificity of the published primer sets used in this study (Table 2-7) and
directed against different physiological and phylogenetic groups of microorganisms were
tested using authentic strains collected from other researches (Tables 2-6 and 3-1). The
primers for the 16S rRNA genes of Archaea (V3 region and full length 16S rRNA),
Bacteria (V3 region and full length 16S rRNA), methanotrophs (type I and II),
dehalorespirers (Dehalococcoid.es and Desulfuromonas), sulfate reducers, and ammonia
oxidizers performed as expected with authentic DNA giving results that were consistent
with those obtained by others (Lane et al., 1985; Giovannoni et al., 1988; Amann et al.,
1990a; Lane 1991; Amann et al., 1995; Voytek and Ward 1995; 0vereas et al., 1997;
Wise et al., 1999; Loffler et al., 2000). However, the primer sets for the 16S rRNA genes
of the Geobacteraceae and anaerobic methane oxidizers produced more complex results.
In an effort to understand these results, the relevant sequences of all of the
reference strains were retrieved from the RDP II and GenBank databases and were
compared to the primer sequences used in this study (Figure 3-3). Under the
amplification conditions implemented in this study, primer 825R, which is designed to
detect Geobacteraceae (capable of reducing Fe(III) and/or S°) (Snoeyenbos-West et al.,
2000), gave positive results with D. multivorans and D. autotrophicum (both are sulfate
reducers) (Figure 3-3). The single mismatch of primer 825R was not enough to
differentiate between the two physiological groups as shown in Table 3-1. D. gigas has
four, possibly five, mismatches with primer 825R which resulted in the absence of a PCR
product (Figure 3-3 and Table 3-1). Despite the existence of four mismatches in the
sequences of
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T able 3-1: PC R specificity results on the reference strains*.
Target

Archaea

Bacteria

Methanotrophs

Dehalorespirers

Geobacteraceae

16S

V3

US

V3

Type I

M. capsulatum Bath (I)

ND

ND

+

+

+

M. trichosporium OB3b (II)

ND

ND

+

+

-

N. europaea

ND

ND

+

+

-

D. propionicus

ND

ND

+

+

D. escambianese

ND

ND

+

+

D. desuljuricans

ND

ND

+

+

ND

ND

ND

ND

+

D. multivorans

ND

ND

+

+

ND

ND

ND

ND

+

D. autotrophicum

ND

ND

+

+

ND

ND

ND

ND

+

D. gigas

ND

ND

+

+

ND

ND

ND

ND

G. muhireducens GS-15

ND

ND

+

+

ND

ND

ND

ND

Type 11

SulfateReducers

Ammonia
Oxidizers

ND

-

Anaerobic CH4
Oxidizers

Dehalococcoides Desulfuromonas

ND

ND

+

ND

ND

-

ND

-

ND

-

ND

ND

-

ND

+

ND

ND

ND

ND

ND

+ /-* *

+

ND

ND

ND

ND

ND

ND

+

+

ND

ND

+

ND

ND

+

ND

ND

+

ND

ND

-

+

ND

ND

+

ND

ND

ND

ND

G. sulfurreducens PCA-1

ND

ND

+

+

ND

ND

ND

ND

+

ND

ND

ND

S. alga Bry

ND

ND

+

+

-

-

ND

ND

-

-

-

ND

M. barkeri

+

+

-

-

ND

ND

ND

ND

ND

ND

ND

+

M. bombayensis

+

+

-

-

ND

ND

ND

ND

ND

ND

ND

+

ND

+

M. concili

+

+

-

-

ND

ND

ND

ND

ND

ND

M. hungatei

+

+

-

-

ND

ND

ND

ND

ND

ND

ND

+

+

+

-

-

ND

ND

ND

ND

ND

ND

ND

M. bryanti

-

-

-

ND

ND

ND

ND

ND

ND

ND

-

ND

ND

ND

+

M. thermoautotrophicum

+

+

M. jannaschi

+

+

-

-

ND

ND

ND

ND

Dehalococcoides sp. FL2

ND

ND

+

+

ND

ND

+

-

ND

ND

ND

ND

+

ND

ND

-

+

+

+

ND

ND

Desulfuromonas sp. BB1

ND

ND

+

D. ethenogenes

ND

ND

+

+

ND

ND

+

-

-

ND

ND

ND

+

ND

ND

ND

ND

-

ND

ND

ND

P. limnophilus

ND

ND

+

C. formicoaceticus

ND

ND

+

+

ND

ND

ND

ND

+

ND

ND

ND

B. subtilis 168

ND

ND

+

+

ND

ND

ND

ND

-

ND

ND

ND

-

-

-

-

-

E. co/i W3110
* ND: not determined.

-

-

+

+

-

-

-

** +/-: faint band.
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Sulfate reducers
Primer 385F
T arg et

5-C C T G A C G C A G C I ACGCCG-3'

D . e sc a m b ie n se DSM 10707
D . m u ltiv o ra n s DSM 2059

CCTGACGCAGCA
CCTGACGCAGCA
CCTGACGCAGCA
CCTGACGCAGCG
CCTGACGCAGCA
CCTGACGCAGCG
CCTACGG G A G G C

D . a u to tro p h icu m DSM 3382
D . d e su lfu ric a n s ATCC 2 1 1 1 A
D . m ic h ig a n e n sis BB1
D . g ig a s
S. a lg a e Bry

ACGCCG
ACGCCG
ACGCCG
ACGCCG
ACGCCG
ACGCCG
AGCAGT

G e o b a ctera cea e
Primer 82SR
T arg et

5'-ACTAGGTGT

G. m e ta llire d u c e n s GS-1
G.
D.
D.
D.
D.
D.
D.

( T /C )

GCGGGTA-3

T
T
T
A
A
C
C
c

GCGGGTA
GCGGGTA
GCGGGTA
GCGGGTA
GCGGGTA
GGGGACT
GGGGGAT
GRGGGGT

ACTAGGTGT
ACTAGGTGT
ACTAGGTGT
ACTAGGTGT
ACTAGGTGT
ACTAGGTGT
GCTAGATGT
GCTNGGTRT

su lfu rred u cen s PCA
m ic h ig a n e n sis BB1
m u ltiv o ra n s DSM 2059
a u to tro p h icu m DSM 3382
e s c a m b ie n se DSM 10707
d e su lfu ric a n s ATCC 27774
g ig a s

S. a lg a e Bry

-

Anaerobic Methane Oxidizers
Primer 932R
T arg et

5-ACTA CAA CG GG TGG AG CT-3'

An. M eth.Ox sequence type 1
An. M eth.Ox sequence type 2
An. M eth.Ox sequence type 3
An. M eth.Ox sequence type 4
An. M eth.Ox sequence type 5
An. M eth.Ox sequence type 6
M. b a rk e ri str. 227 DSM 1538
M. b o m b a y e n s is str. B -l OCM 438
M . co n c ilii str. Opfikon D SM 2139
M. h u n g a tei str. JF1 DSM 864

A CTACAACGGGTGGAGCT
ACCACAACGGGTGGAGCT
ACTACAACGGGTGGAGCC
ACCACAACGGGTGGAGCC
A CAACAACGGGTGGAGCT
ACAGCAACGGGTGGAGCG
ACAACAACGGGTGGAGCC
ACT AC A AN GGGN GGAGNN
ACCACAACGGGTGGAGCT
ACCACAACGGGTGGAGCC
ACTACAACGGGTGGAGCC
A CCACAACGCGTGGAGCC
A CCACAACGCGTGGAGCC

M. ja n n a s c h ii
M. b ry a n tii str. RiH2
M. th erm o a u to tro p h icu m str. CSM3

Figure 3-3: Analysis of three phylogenetic-specific primers. The sulfate reducerspecific primer 385R, Geobacteraceae-specific primer 825R, and anaerobic methane
oxidizer (An.Meth.Ox.)-specific primer 932R were aligned with 16S rRNA sequences
for the reference strains and environmental sequences retrieved from the GenBank
database. Mismatches to the different primers target sequences are underlined, In the
case of An.Meth.Ox., the different types are based on the different mismatches
existing with target sequence of primer 932R.
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D. escambiense and D. desulfuricans, positive reactions were obtained with primer 825R
(Table 3-1 and Figure 3-3). One possible reason for this result was contamination of
cultures obtained or during the DNA preparation procedure. Another reason could be that
the primers at hand were not sufficiently specific in the PCR conditions implemented.
Primer 825R targets members of Geobacteraceae belonging to the delta
subdivision of the class Proteobacteria. The signature sequences of Geobacteraceae at
the primer 825R target position are absent from other phylogenetically distinct members
which belong to gamma- and epsilon-Proteobacteria subdivisions (e.g. Shewanella algae
and Geospirillum barnesii, respectively) (Lonergan et al., 1996). Since there are also
other lineages of Fe(III)-reducers in the domain Bacteria, such as Geothrix fermentans
(Lonergan et al., 1996), other primers have been designed to detect these Geobacteraceae
members (Snoeyenbos-West et al., 2000). We tried exploiting these primers in the
absence of G. fermentans (the positive control) and found that the Shewanella-specific
primers generated nonspecific PCR amplicons with S. algae Bry (data not shown). Since
G. metallireducens and G. sulfurreducens and D. michiganensis belong to the Geobacter
and Desulfuromonas clusters within the Geobacteraceae, respectively, (Lonergan et al.,
1996) the amplification of the 16S rRNA genes was expected. No mismatches in their
sequences at the 825R primer target position were observed (Table 3-1, Figure 3-3). The
16S rRNA sequence deposited in the RDP II and GenBank databases for D. propionicus
contained several ambiguous base pairs at primer 825R target position that made it
difficult to verify the weak positive PCR amplification obtained in Table 3-1.
Because of the close phylogenetic relationship between the ^-Proteobacteria
belonging to the Geobacteraceae and the sulfate reducers (Lovley et al., 1993) and the
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continuous discovery of new isolates from both groups, the primers designed against
either target group need to be periodically carefully re-examined for their specificity. The
PCR conditions also need to be carefully optimized to select for the target group of
interest (Ishii and Fukui, 2001). These steps are crucial to differentiate between the two
physiological groups since primers or probes designed to detect either group can
hybridize with sequences of members from both groups (Lonergan et al., 1996). This fact
complicates the microbial ecological studies performed to analyze iron or sulfate
reduction.
While conducting this research, low levels of methane (up to 0.52 mg/L) were
detected in the samples (Table 3-2). A series of primer sets were tested to identify
microbial groups that might produce and/or consume methane. A primer set was used to
detect anaerobic oxidation of methane (AOM) that also included primer 932R, which was
complementary to the only known probe, EelMS932 (Boetius et al., 2000). This probe
was developed from two putative anaerobic methane oxidizer (An.Meth.Ox.) sequences
(accession numbers AF134393 and AF134384) retrieved from Eel River basin sediments
(Boetius et al., 2000). These sequences are phylogenetically affiliated with the order
Methanosarcinales (Hinirichs et al., 1999). When the exact sequence of this primer was
aligned with the published sequences for 41 putative anaerobic methane oxidizers
(Hinirichs et al., 1999; Orphan et al., 2001; Teske et al., 2002), only 13 sequences
contained the exact target sequence (An.Meth.Ox. sequence type 1, Figure 3-3), while 22
sequences had one mismatch at two different positions (An.Meth.Ox. sequence types 2, 3
and 5, Figure 3-3). The remaining six sequences had either two or three mismatches with
the target sequence, primer 932R (An.Meth.Ox. sequence types 4 and 6 , Figure 3-3).
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Table 3-2: Chemical analysis of the groundwater samples.
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b NA: not analyzed.

« M M M 'O IT, V

a ND: not detected.

© — -a- in so u

Abbreviations: TCE, trichloroethylene; DCE, dichloroethene; VC, vinyl chloride; Acet, acetone; Meth, methane; Etha, ethane; Ethe, ethene; NPOC, non-purgable organic carbon; DO, dissolved oxygen;
Cond, conductivity

IS

Theoretically, this result indicated that this primer should not detect all of An.Meth.Ox.
sequence types with the different mismatches. Surprisingly, An.Meth.Ox. from different
environments that contain mismatches in the target sequence have been detected with this
probe (Boetius et al., 2000; Orphan et al., 2001). However, under the hybridization
conditions of Boetius et al. (2000) probe EelMS932 also detects the non-target sequences
of Methanolobus tylorii and Methanosaeta concilii.
The 16S rRNA gene of five archaeal reference strains that had one or two
mismatches (it was unclear in the case of M. bombayensis str. B-l OCM 438) were
amplified with primer 932R (Figure 3-3). The positions of the mismatched base pairs
and/or their types were identical to those existing in the analyzed putative An.Meth.Ox.
sequences (Figure 3-3). Three of the archaeal strains (M. barkeri str. 227 DSM 1538, M.
bombayensis str. B-l OCM 438, and M. concilii str. Opfikon DSM 2139) that primer
932R was able to detect, belong to the order Methanosarcinales and are close relatives to
the putative An.Meth.Ox. Since M. jannaschii and M. hungatei str. JF1 DSM 864 have
mismatches similar to those found in An.Meth.Ox. sequence types 3 and 4, respectively,
their amplification with primer 932R is not surprising (Figure 3-3). Both M. Bryantii str.
RiH2

and M.

thermoautotrophicum

Mcthanobacteriales,

str.

CSM3,

which belong

to the

possessed three mismatches that prevented the

order

successful

amplification of their 16S rRNA genes with primer 932R (Table 3-1 and Figure 3-3).
These results indicate a degree of uncertainty concerning the specificity of primer
932R and suggest the need for caution in further interpretations of the results. When
tested on Site 32 groundwater samples, this primer was used to detect several
phylogenetically distinct sequences (discussed later in this chapter). Some of these

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

sequences contained An.Meth.Ox. sequence type 1 (Figure 3-3), which did not have any
mismatch with the target position of primer 932R.

3.3 E stim ation o f M icrobial B io m a ss
Microbial biomass was estimated by two different methods: acridine orange direct
counts (AODC) and quantification of total DNA extracted. With AODC we were unable
to determine bacterial numbers on the rock surface before and after extraction. The
intense background fluorescence from the cores interfered with our analysis. Pedersen
(1997) and Lehman et al. (200lab) have reported a similar problem. The minimal amount
of surface-associated biomass may have also contributed. AODC values for the
groundwater samples are presented in Table 3-3.
During the months of June 2001 and 2002, the ambient temperature of the
groundwater samples collected from both depths of BBC1 and BBC3 ranged from 12.223.7°C that was higher than the samples collected during September 2001 with an
ambient temperature ranged from 12.2-16.7°C (Table 3-2). As expected, cell numbers
were higher for the groundwater samples collected during the months of June than in the
month of September at both depths sampled (Figure 3-4). This result suggests higher
growth rates during the summer months.
The correlation between the averages for total cell numbers and DNA yields was
relatively weak (r = 0.55) (Table 3-3). However, the actual DNA yields were much
lower than the expected yields as estimated by Button and Robertson (2001) (Table 3-3).
The weak correlation and efficiency values encountered were probably related to the low
microbial biomass existing in the BBC groundwater samples (Picard et al., 1992).
However, the DNA extraction efficiencies from the BBC samples were within the 1-10%
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Table 3-3: Total cell counts and DNA yields for individual groundwater samples from BBC1 and BBC3.
Well

Depth

Date

(ft)

BBC1
BBC1
BBC1
BBC1
BBC1
BBC1
BBC1
BBC1
BBC3
BBC3
BBC3
BBC3
BBC3
BBC3
BBC3
BBC3

40-45
47-52
40-45
47-52
40-45
47-52
40-45
45-52
59-64
95-100
59-64
95-100
59-64
95-100
59-64
95-100

02/01
02/01
06/01
06/01
09/01
09/01
06/02
06/02
03/01
03/01
06/01
06/01
08/01
08/01
06/02
06/02

AODC"
(cells/ml)

ND
ND
(1.67 ± 0 .3 )
(2.42 ± 0.4)
(2.12 ± 0.1)
(5.40 ± 0.3)
(2.21 ± 0.2)
(2.51 ± 0.3)
(3.25 ± 0 .2 )
(8.31 ± 0.5)
(1.43 ± 0.8)
(9.63 ± 3.1)
(3.23 ± 0 .3 )
(4.72 ± 1.6)
(2.16 ± 0.0)
(4.18 ± 0 .0 )

x
x
x
x
x
x
x
x
x
x
x
x
x
x

Volume
extracted (L)

105
105
104
104
105
105
105
104
10s
105
104
104
105
105

0.60
0.70
0.69
0.70
1.06
1.11
1.04
1.07
1.70
1.18
0.58
0.60
1.11
1.16
1.03
1.11

Expected DNA yield b
(pg/L groundwater)

ND e
ND
0.08-0.18
0.12-0.27
0.01-0.02
0.03-0.06
0.11-0.24
0.13-0.28
0.16-0.36
0.04-0.09
0.72-1.57
0.48-1.06
0.02-0.04
0.02-0.05
0.11-0.24
0.21-0.46

Actual DNA y ie ld c
(pg/L groundwater)

(5.19 ± 0 .62)
(3.90 ± 0 .4 9 )
(0.92 ± 0.07)
(1.88 ± 0.26)
(0.65 ± 0 .1 3 )
(1.29 ± 0 .0 9 )
(2.20 ± 0 .1 9 )
(1.57 ± 0 .0 7 )
(4.90 ± 0 .1 4 )
(5.58 ± 0.15)
(2.22 ± 0.07)
(1.42 ± 0 .0 1 )
(0.51 ± 0 .0 6 )
(0.92 ± 0.04)
(2.31 ± 0 .1 4 )
(1.35 ± 0 .04)

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

10'3
10'3
10‘3
10‘3

1Q~3
10‘3
10'3
10'3
10~3
10'3
10“3
10'3
10'3
10'3
10"3
10'3

% DNA extraction d
efficiency
(pg/L groundwater)
ND
ND
1.2-0.5
1.6-0.7
6.5-3.3
4.3-2.2
2.0-0.9
1.2-0.6
3.1-1.4
1 4 -6 .2
0.3-0.1
0.3-0.1
2.6-1.3
4.6-1.8
2.1—1.0
0.6-0.3

a Mean count ± standard deviation (3 slides per sample).
b Range o f expected DNA yield obtained by multiplying mean AODC by low and high literature values reported for cellular DNA content o f lake water and
seawater bacteria (0.5 -1.1 fg/cell) (Button and Robertson 2001).
c Mean DNA concentration ± standard deviation (3 readings per sample).
d The efficiencies were calculated by dividing the actual DNA yield concentration over the low and high values o f the expected DNA yield.
e ND, not determined
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Figure 3-4: Acridine orange direct counts for the groundwater samples collected from
BBC1 (A) and BBC3 (B). Data are not available from the first sampling events for
BBC1. Ambient temperature (°C) for each groundwater sample is illustrated above the
bar.
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range that is thought to be reasonable for the cell numbers obtained in this study
compared to other studies (Ogram et al., 1995; Lee et al., 1996). Although larger volumes
of groundwater samples would increase recovery efficiencies, the low pumping rates
inhibited the collection of larger volumes due to prolonged sampling times. To reduce the
effect of these low efficiencies on the DGGE profiling and quantification, a fixed amount
of DNA was amplified in the PCR reactions and normalized to allow for estimation of
microbial target groups.

3.4 H ydrogeochem istry at S ite 32
Table 3-2 illustrates the results of the chemical analyses for groundwater samples
collected from BBC1, 3, 4, and 5. To detect any significant differences in the mean
concentration of the different chemical parameters among the BBC wells, the Student’s ttest (two-sample assuming unequal variance) was applied to the data (P < 0.05 was
considered to be significant at the 95% confidence interval). The mean concentrations of
TCE and its metabolites (cis- and trans- 1,2-DCE, VC, ethene, and chloride) were
significantly higher in BBC1 than their concentration in BBC3. This result was expected
since BBC3 was located at the fringes of the contaminated plume originating from
Building 113 and BBC1 was slightly deeper in the plume (Figures 1-3 and 2-1). The
presence of TCE metabolites suggested the possibility of an ongoing intrinsic
bioremediation in both wells. On the other hand, the detection of ethene and chloride
strongly suggested the existence of anaerobic dehalorespiration. Although there were
lower concentrations of sulfate and ammonia in BBC1 compared to those found in BBC3
groundwater samples, the detection limits of the chemical change make the
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interpretations difficult. There were no significant differences in the mean concentrations
of the remaining parameters measured in BBC1 and BBC3 (Table 3-2).
When the parameters in BBC1 and BBC3 that exhibited significant difference
were compared to those obtained from BBC4 and BBC5, it was found that the
concentrations of TCE and trans- 1,2-DCE in BBC4 and BBC5 were similar to those of
BBC3. However, the concentrations of cis- 1,2-DCE, VC, and chloride in BBC4 and
BBC5 were similar to BBC1. These results and the fact that BBC4 and BBC5 existed
very close to the source of contamination from Building 113, indicate that TCE was
being exhausted in the middle of plume. Thus, TCE end products were more prevalent
than TCE. Ethene concentrations in BBC4 were similar to BBC3 and to BBC1 in BBC5.
Sulfate concentrations in BBC4 and BBC5 were similar to each other and their amounts
were lower than those in BBC3, but higher than those in BBC1. These measurements
indicate that there was a variation in the availability of sulfate to act as a possible electron
acceptor allowing other electron acceptors (e.g., Fe(III) or nitrate) to play a role in the
aquifer system.
The observations concerning TCE and its metabolites suggest that the degree of
TCE degradation varied throughout the contaminated water plume. This variation was
dependent on the proximity to the source of contamination where TCE was being
depleted in areas possibly exposed to prolonged periods of bioremediation. At the fringes
of plume where higher concentrations of TCE were encountered, TCE biodegradation
was at its early stages due to shorter periods of exposure to TCE. Based on these
observations, it can be expected that TCE will eventually be totally degraded, but the
plume needs to be confined to allow sufficient exposure times for TCE bioremediation

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

and to prevent its migration to uncontaminated areas in the groundwater system.
However, the rate of the degradation activity is limited by the low amounts of DOC in the
system (Table 3-2). Since this solution is practically impossible, enhancing the TCE
degrading microbial communities that already exist in Site 32 may be a more feasible
approach.

3.5 DGGE Profile Analysis
A molecular fingerprinting approach was used to understand the microbial
diversity of Site 32. The diversity of the prokaryotic microbial communities and their
phylogenetic affiliations were determined by analysis of the DGGE fingerprinting
profiles and sequencing of the 16S rRNA genes, respectively. DGGE community profiles
were performed based on the 16S rRNA amplified from fracture surfaces (F and PMSF),
groundwater (GW) and associated porewater samples (PW) for these wells. A fixed
amount of DNA was used in the PCR reaction (10 ng DNA per PCR reaction) that was
performed in triplicate to normalize any possible sources of error as a result of the biases
in the DNA extraction and amplification steps (von Wintzingerode et al., 1997; Polz and
Cavanaugh, 1998). The banding patterns of the samples were analyzed by the unweighted
pair group method using the arithmetic averages (UPGMA) clustering technique (i.e.
Boon et al., 2002) to determine the similarity of the samples. Data for each well will be
described below separately.
Image analysis software helps to identify and quantify the number of DGGE
bands present in each sample. Similarities among the different lanes are detected by the
use of the Dice correlation coefficient measuring both the position and intensity of each
band (weighted) or only the migration distance regardless of band intensity (unweighted).
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These data are analyzed by several clustering techniques including UPGMA and
neighbor-joining to identify the samples that generate similar patterns. Dendograms of
these cluster analyses provide a rapid method of assessing unity. In this study,
dendograms for each well were generated by UPGMA analysis using both the weighted
and unweighted comparison methods. Each method gave slightly different results for the
same set of samples. From analysis of the reference strains included in these DGGE gels,
the unweighted UPGMA cluster analysis produced better results (1.00 similarity
coefficient) than the weighted method (e.g., Figure 3-5B), which showed a similarity
coefficient as low as 0.80 similarity between two lanes containing the reference bacterial
strains (data not shown). One possible explanation for the results with the weighted
method was that there was a disturbance in the gradient of the denaturant, especially at
the margins of the DGGE gels. The PCR product formed relatively thicker or thinner
bands in the regions of poor gradient distribution that causes an incorrect estimation of
band intensity (e.g. Figure 3-6A). Despite maintaining the same migration position,
reference bands had different intensities in various parts of the gel. For this reason, the
unweighted UPGMA clustering method was used to interpret all of the DGGE
fingerprinting results presented below.

3.5.1 B a cteria l D G G E P rofiles fo r BBC1
Figure 3-5A shows DGGE fingerprinting profiles of PCR-amplified 16S rDNA
from the samples obtained from BBC1 while Figure 3-5B shows the cluster analysis of
those DGGE banding patterns based on the position of bands using UPGMA.
Groundwater sampling occurred

8

months following core sampling to allow subsidence

of the disturbance to ambient groundwater composition introduced during coring

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3-5: (A) PCR-DGGE bacterial community profiles based on the 16S rDNA
obtained from the samples from BBC1. DGGE profile was generated by the use of the
Bacteria-specific primers. Samples are described in Table 2-4 while the reference lanes
(Ref. 1 and Ref.2) contained the following controls in descending order: N. europaea,
Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168, Desulfuromonas
sp. BB1, and D. gigas. (B) Cluster analysis of the DGGE banding patterns for BBC1
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies.
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Figure 3-6: (A) PCR-DGGE bacterial community profiles based on the 16S rDNA
obtained from the samples from BBC3. DGGE profile was generated by the use of the
Bacteria-specific primers. Samples are described in Table 2-4 while the reference lanes
(Ref. 1 and Ref.2) contained the following controls in descending order: N. europaea,
Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168, Desulfuromonas
sp. BB1, and D. gigas. (B) Cluster analysis of the DGGE banding patterns for BBC3
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies.
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activities (Lehman et al., 2001a). Groundwater samples were obtained over one year
period. The bacterial DGGE profiles for BBC1 revealed two distinct microbial
populations: one that resided in the groundwater samples (GW) and another located on
the fracture surfaces (F) (Figure 3-5). These data were analyzed by UPGMA to determine
the similarity of the samples and Figure 3-5B show a dendogram of this cluster analysis.
A similarity coefficient of >0.70 indicated that the samples are similar while those values
< 0.70 indicates samples are very different (Roling et al., 2001). A lower value indicates
a greater difference between the samples. These two populations had a similarity
coefficient of 0.35. Similar results were obtained when these data were analyzed by the
neighbor-joining method (data not shown).
Although the dendogram generated by UPGMA (Figure 3-5B) showed clustering
topologies that were clearly dependent on sample type and date of collection (in the case
of the groundwater samples collected from BBC1), there was no apparent effect of the
depth of the sampling intervals. Similar results were obtained with cluster analysis for all
of the BBC wells described in the Sections below.
The DGGE bacterial profiles of one porewater sample (PWlb) (see Section 2-7
for details) and the soil sample clustered with a low similarity coefficient (0.45) to the
profiles of two open fractures (Figure 3-5B). This low value indicated that the porewater
and soil samples were different from the fracture surfaces. An analysis of the drilling
process found that the surfaced-associated microbial abundance decreased one order of
magnitude by scouring during coring (Griffths et al., 2002). These results suggest that
some of the microbial growth on the open fracture surfaces is being removed and
becomes associated with porewater that contains drilling water. However, some members
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of the microbial community did not scour off since there were at least 3 bands that
existed only in the fracture profiles (Figure 3-6B). These data provide further support to
the concept that the microbial communities from the fracture surfaces were different than
those found in the groundwater samples.
Storage of the clean drilling water (CDW) in the on-site tanks (TDW) prior to
drilling caused a drastic change in the microbial community structure. These two profiles
clustered separately with very low similarity coefficients from each other and the
remaining of the samples (Figure 3-5B). This clustering behavior also indicates that the
microbial community structure found in the TCE-contaminated groundwater from BBC1
was significantly different from that in the pristine groundwater well, which was the
source of the drilling water (Figure 3-5B). One reason for this different community
structure may be the absence of TCE and its metabolites (data not shown) in the source of
our drilling water.
Depth did not affect the community profiles of the samples. Groundwater samples
clustered together based on sampling time and with significant similarity coefficients
ranging from 0.71-1.00 (Figure 3-5B). Fracture surface samples (F) from BBC1 also
clustered together. On the other hand, the microbial diversity of the groundwater samples
for each depth differed significantly for each sampling period with various values for the
similarity coefficient ranging from only 0.41-0.64 (Figure 3-5B). Thus, depth did not
have a significant effect on the bacterial diversity (Figure 3-5B). This conclusion was
further supported by a statistical analysis of the chemical parameters monitored for these
samples. The effect of time and depth were tested by ANOVA (2 factor without
replication) analysis (Table 3-2). During these sampling events, the factor of time caused
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significant changes in the following parameters: chloride (F = 12.16, P = 0.03), total iron
(F = 23.58, P = 0.01), NPOC (F = 18.55, P = 0.02), and temperature (F = 124.52, F 0.001). A change in depth caused only a significant change (ANOVA: 2 factor without
replication; F = 11.82, P - 0.04) in total iron concentration. These results in total support
the hypothesis that time, not depth, had the most significant effect on the microbial
diversity in the groundwater samples.
For the 1st sampling event, which occurred

8

months after the cessation of the

drilling activities, a relatively low number of DGGE bands were detected for the
groundwater samples collected from BBC1 for both depths (40-45 ft and 47-52 ft). Only
10 bands were detected in samples from February 2001 (Figure 3-5A). The number of
bands detected peaked to 25 bands for the 2nd sampling event in June 2001. The number
of bands detected decreased to 20 and 9 for the 3rd (September 2001) and the 4th (June
2001) sampling events, respectively. Several environmental factors may have contributed
to these results. Total iron concentrations were significantly lower for the groundwater
samples collected during the month of June 2002 while temperatures were higher (Table
3-2). Although the other chemical parameters did not show significant changes during the
different sampling events, the values for most of these parameters were either relatively
higher or lower during the month of June 2002 than the other sampling dates. These
changes may have contributed to the unexpected DGGE profile of the June 2002
groundwater samples (Figure 3-5A).

3.5.2 Bacterial DGGE Profiles for BBC3
A parallel study was done on BBC3 to determine the molecular fingerprints of
similar samples. During the drilling process for BBC3, the presence of mineral layers that
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consisted of different colors and encircled the extruded core was observed. Geological
analysis indicated that these layers were minerals that sealed naturally open fractures over
time. These fractures were termed partially mineralized sealed fractures (PMSF) and
were a focus of attention for further study. Since these “hidden fractures” could
potentially harbor novel microbial communities, samples were obtained from this type of
fracture surface. Figure 3-7 shows the fracture surface from a PMSF from BBC3. This
fracture was partially to completely sealed with zeolites (W. Bothner UNH, unpublished
results shown below). Both the pale green macrocrystalline and microcrystalline light
gray-green zeolite was identified by X-ray diffraction and optical microscopy as
clinoptilolite. Chemical analysis by SEM-EDS, normalized to 72 oxygens, gave the
following representative

composition:

(Ca+Ba)2 .i(Na+K).sSi28 .8Al7 .9 0 7 2

.ntTO

(6

analyses). Mg (<1.3 wt% oxide) and Fe (<0.3 wt% oxide) were not included in the
normalization. SEM images showed no chemical zonation; grains were homogeneous.
This is the first report for the existence of zeolite in the Kittery bedrock formation.
In many aspects, the conclusions reached for BBC1 could also be applied to
BBC3. As in BBC1, the microbial groundwater population was different from those
populations found associated with the fracture surfaces, PMSF, soil, drilling water, and
porewater (Figure 3-6). The groundwater samples were again clustered based on
sampling time, as in the BBC1 samples (Figure 3-6B) and were influenced significantly
by changes in sulfate (F = 9.78, P = 0.047) and total iron {F= 18.17, P = 0.02). The only
factors that changed significantly with depth were VC and trans- 1,2-DCE levels
(ANOVA: 2 factor without replication; F = 10.8, P = 0.046 for both). Analogous to
BBC1, both depths studied (59-64 ft and 95-100 ft) showed a decline in the number of
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Zeolite

Figure 3-7: Thin subhorizontal fracture (PMSF) from BBC3 (99-104 ft). Green and gray
zeolite fracture filling overcoats older fractures now filled with calcite.
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DGGE bands detected with groundwater samples obtained in August 2001 (5 bands) and
June 2002 (2 bands) after a peak of 18 bands for the June 2001 from (Figure 3-6A). For
the 1st sampling event (March 2001) 14 DGGE bands were detected (Figure 3-6A). The
DGGE profiles of the porewater and open fracture samples were similar to those of the
PMSFs by only a 0.60 similarity coefficient (Figure 3-6B). This result is not surprising
since scrubbing experiments suggested that the porewater contained microbiota removed
from the open fracture surfaces. These data provide further evidence for that hypothesis.
The reduced similarity levels between the open fractures and the PMSF samples may
reflect the loss of part of the community structure on the open fractures.
Based on the cluster analysis, the microbial community found in PMSFs was
unique (Figure 3-6B). The PMSF DGGE profiles exhibited low similarity (0.37 similarity
coefficient) to the closest groundwater sample (Figure 3-6B). At least four bands were
unique to PMSFs. These bands were not found associated with any of the groundwater
samples. On the other hand, almost 50% of the bands were in common with the PMSF
samples and the first two groundwater samples sets. This could mean that these microbial
members had the ability to exist either associated to the surface or in a planktonic status.
Another possible explanation is that those members were usually dormant in the
groundwater but they were nourished as a result of stimuli (i.e., nutrients) introduced
from the surface during the drilling activities. When these stimuli were diminished, they
returned back to their dormant status that resulted in the relatively low number of bands
in the last two groundwater samples (Figure 3-6A).
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3.5.3 C o m p ariso n o f Bacterial DGGE Profiles for BBC1 and BBC3
Since one of the limitations of the QuantityOne software is its inability to
compare samples between two DGGE gels, samples from both BBC1 and BBC3 were
analyzed on the same DGGE to compare their molecular fingerprints. A limited number
of samples from different wells in Site 32 were used because of technical limitations of
DGGE. For comparative purposes, samples from some of the monitoring wells at Site 32
(Figure 2-4) were included. Figure 3-8 shows the results of this analysis. All of the
monitoring wells with the exception of SP-6068 clustered together and separate from the
groundwater samples of BBC1 and BBC3. When the chemical parameters were
considered, only chloride, magnesium, and nitrate levels were found to be significantly
higher in the monitoring wells than in BBC1 and BBC3 (Student’s t-test; P = 0.02, P =
0.02, and P = 0.04, respectively) (data not shown). These parameter changes could help
explain the clustering DGGE profiles of BBC1 and BBC3 away from the monitoring
wells (Figure 3-8B). Time was again the main factor that influenced the clustering trend
of the DGGE profiles, especially in the case of BBC1 and BBC3 samples. These results
suggest that at a specific time interval each well harbored a unique microbial population
regardless of depth. Although most of the bands detected were shared among all the
wells, they appeared and disappeared at different times in each well (Figure 3-8A). One
possible explanation for these results focuses on the detection limits of the chemical
assays. Another possible explanation for this observation was that each of the monitoring
wells was receiving varying amounts of nutrients from the surface. Depending on the
amount and type of nutrients received, the enrichment for microbial communities would
differ. This hypothesis can be extrapolated to the BBC wells that shared many DGGE
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Figure 3-8: (A) PCR-DGGE bacterial community profiles based on the 16S rDNA
obtained from the samples from BBC1, BBC3, and pre-existing monitoring wells in Site
32. DGGE profile was generated by the use of the Bacteria-specific primers. Samples are
described in Table 2-4 while the reference lanes (Ref. 1 and Ref.2) contained the
following controls in descending order: Dehalococcoides sp. FL2, D. ethenogenes, S.
algae Bry, C. formicoaceticus, B. subtilis 168, and Desulfuromonas sp. BB1. (B) Cluster
analysis of the DGGE banding patterns for BBC1, BBC3, and pre-existing monitoring
wells in Site 32 (Panel A) based on the position of the bands using UPGMA
(unweighted).
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bands, but varied in their intensities (Figure 3-8A). The clustering of the DGGE profiles
for BBC1 and BBC3 provides further support for this hypothesis.

3.5.4 B acterial DGGE Profiles for BBC4
Only groundwater samples were collected from BBC4 (Table 2-4). Groundwater
samples were collected from selected depths in BBC4 at two different time periods that
were 2-3 months apart. No fracture or PMSF samples were collected from BBC4. Figure
3-9A shows the DGGE profile for the groundwater samples from BBC4. Time was again
a major factor affecting in the clustering of the groundwater samples in their DGGE
profiles (Figure 3-9). All samples collected during July/August clustered together and
separately from all of the October 2001 samples which formed a distinct cluster that
differed significantly from the July/August samples (0.32 similarity coefficient) (Figure
3-9B). The only two samples that deviated from this trend were located at the margins of
the DGGE gel (GW4a and GW4j). Typically, this region of the gel has poor distribution
of the denaturant and thus an imbalanced gradient could help explain these profiles
(Figure 3-9). Another factor potentially affecting sample GW4a was its distance from the
surface. Since GW4a was the closest sample to the surface that was obtained from BBC4,
it may be exposed to a higher degree of microbial contamination from the surface. The
relatively higher number of bands detected in GW4a compared to the other samples
(Figure 3-9A) supports this hypothesis.
The AODC numbers during October 2001 sampling were significantly higher
than those obtained for the July/August 2001 samples (Student’s t-test, P - 0.02) (data
not shown). Although numbers were higher, the degree of microbial diversity was less
than the October 2001 samples as measured by lower numbers of bacterial DGGE bands
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Figure 3-9: (A) PCR-DGGE bacterial community profiles based on the 16S rDNA
obtained from the samples from BBC4. DGGE profile was generated by the use of the
Bacteria-specific primers. Samples are described in Table 2-4 while the reference lanes
(Ref. 1 and Ref.2) contained the following controls in descending order: Dehalococcoides
sp. FL2, D. ethenogenes, S. alga Bry, C. formicoaceticus, B. subtilis 168, and
Desulfuromonas sp. BB1. (B) Cluster analysis of the DGGE banding patterns for BBC4
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies.
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(Figure 3-9A). One possible explanation for this observation is that only a few microbial
members may dominate the groundwater at all times and the number of these members
increased and decreased depending on the season. The possible introduction of DOC
caused by drilling activities from the soil overburden and weathered rock may help
explain the increased number of bacteria. The factors influencing clustering within each
time population could not be identified. The overall degree of diversity for BBC4
groundwater samples (i.e. number of bands) was relatively lower than the level found
with the groundwater samples collected from BBC1 and BBC3 during similar sampling
events.

3.5.5 Bacterial DG G E Profiles for BBC4 an d BBC5
For BBC5, groundwater samples from selected depths in BBC5 (Table 2-4) and
their corresponding PMSF samples were collected to allow a comparative study on the
microbial communities existing in those environments. The groundwater samples were
obtained almost three months after the PMSFs sampling events to allow for the
subsidence of the disturbances caused by drilling activities. These samples were analyzed
by the use of molecular fingerprinting (Figure 3-10)
Two distinctive clusters were identified in BBC5 DGGE profiles: one cluster
associated with the groundwater samples and the other cluster with the fracture and
PMSF samples (Figure 3-10). This pattern is similar to the pattern observed with samples
from BBC1 and BBC3 (Figures 3-5A and 3-7A). Groundwater samples, GW5a and
GW5b, were significantly similar (0.75 similarity coefficient), which is not unexpected
since they were collected only 7 days apart from each other (Table 2-4) (Figure 3-10B).
Samples, GW5c and GW5d, which were collected over a 2-day period that was almost a
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Figure 3-10: (A) PCR-DGGE bacterial community profiles based on the 16S rDNA
obtained from the samples from BBC5. DGGE profile was generated by the use of the
Bacteria-specific primers. Samples are described in Table 2-4 while the reference lanes
(Ref. 1 and Ref.2) contained the following controls in descending order: Dehalococcoides
sp. FL2, D. ethenogenes, S. algae Bry, C. formicoaceticus, B. subtilis 168, and
Desulfuromonas sp. BB1. (B) Cluster analysis of the DGGE banding patterns for BBC5
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies. Numbers represent the designation of bands excised for sequencing and
phylogenetic analysis studies.
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month later than the first two samples (Table 2-4) had 0.89-similarity coefficient (Figure
3-10B). These results suggest that the one-month time lag between sampling was enough
to separate these two samples sets that had 0.71-similarity coefficient (Figure 3-1 OB). All
of the groundwater samples contained only three to five distinct bands (Figure 3-10A).
This low number may reflect the "true" background picture for the microbial
communities existing in the BBC wells at Site 32. BBC5 was not exposed to any after
drilling experiments reducing the potential sources of new nutrients and minimizing the
dismptive effects of drilling. This assumption was supported by the DGGE profile of the
clean drilling water (CDW) also had a low level of microbial diversity. The limited
number of DGGE bands detected for the clean drilling water sample was similar
(approximately 5 bands) to those of BBC4 and BBC5 groundwater samples and the last
one to two time groundwater samples from BBC1 and BBC3. Although the clean drilling
water samples had similar number of bands, they were located at different positions
indicating distinct population for this TCE-free environment.
For fracture and PMSF samples, 24 different bands were identified in their DGGE
profiles, which was more than the number detected in groundwater samples (Figure 310A). This result indicates that there was a significantly higher degree of diversity in the
fracture and PMSF samples than in the groundwater. In contrast to the results for BBC1
and BBC3, the bacterial DGGE profiles of the PMSF samples clustered with regard to
their depth (Figure 3-10B). All of the bacterial PMSF DGGE profiles from the four
depths studied clustered apart from each other with values of 0.62 or lower for the
similarity coefficient (Figure 3-10B). The shallowest PMSF sample (PMSF5a; Table 2-4)
clustered closer to the soil sample with a low similarity coefficient (0.53), but was more
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divergent from the other PMSF samples (Figure 3-1 OB). The proximity of the PMSFSa to
the soil surface would have allowed for sharing some of the microbial members that
resulted in their joint clustering. This assumption was further supported by the clustering
of PMSF5a and F5a DGGE profiles with that of the soil when the neighbor-joining
algorithm was implemented (data not shown). The DGGE profiles of the deepest PMSF
samples (PMSF5d; Table 2-4) clustered away from the other three depths (a 0.43
similarity coefficient) showing the effect of depth (Figure 3-10B). DGGE profiles of the
drilling induced or naturally open fractures (F) samples, except F5a, clustered strongly
together (0.75-1.00 similarity coefficients) with their corresponding PMSF DGGE
profiles (Figure 3-10B). When the neighbor-joining method was used, sample F5a also
clustered with its corresponding PMSF, as mentioned above (data not shown). These
results suggest that these open fractures were not significantly scoured of the bacterial
biofilms or the strongly attached microbiota was similar to the population found on the
surface of the PMSF. Many of bands detected were shared among the different PMSF
samples suggesting that the different depths harbored similar, but not identical, microbial
community structures. These small differences could reflect the uniqueness of the
microenvironments that exist in each PMSF samples in each depth.

3.5.6 DGGE Profiles for Sulfate reducers (SR B’s) and Desulfuromonas sp.
The DGGE fingerprinting profiles of PCR-amplified 16S rDNA from the BBC1,
BBC3, and BBC5 were determined by the use of sulfate reducer specific primers (Figures
3-11, 3-12, 3-13) and Desulfuromonas-specific primers (Figures 3-14 and 3-15). In
general, an analysis of the SRB (Figures 3-11, 3-12, and 3-13) and Desulfuromonas sp.
(Figures 3-14 and 3-15) DGGE profiles provided similar conclusions to those obtained
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Figure 3-11: (A) PCR-DGGE sulfate-reducing community profiles based on the 16S
rDNA obtained from the samples from BBC1. DGGE profile was generated by the use of
the sulfate reducers-specific primers. Samples are described in Table 2-4 while the
reference lanes (Ref. 1 and Ref. 2) contained the following controls in descending order:
N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168, and
Desulfuromonas sp. BB1. (B) Cluster analysis of the DGGE banding patterns for BBC1
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies.
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Figure 3-12: (A) PCR-DGGE sulfate-reducing community profiles based on the 16S
rDNA obtained from the samples from BBC3. DGGE profile was generated by the use of
the sulfate reducers-specific primers. Samples are described in Table 2-4 while the
reference lanes (Ref. 1 and Ref.2) contained the following controls in descending order:
N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168, and
Desulfuromonas sp. BB1. (B) Cluster analysis of the DGGE banding patterns for BBC3
(Panel A) based on the position of the bands using UPGMA (unweighted). Numbers
represent the designation of bands excised for sequencing and phylogenetic analysis
studies.
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Figure 3-13: (A) PCR-DGGE sulfate-reducing community profiles based on the 16S
rDNA obtained from the samples from BBC5. DGGE profile was generated by the use of
the sulfate reducers-specific primers. Samples are described in Table 2-4 while the
reference lanes (Ref. 1 and Ref.2) contained the following controls in descending order:
N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168,
Desulfuromonas sp. BB1, and D. gigas (B) Cluster analysis of the DGGE banding
patterns for BBC5 (Panel A) based on the position of the bands using UPGMA
(unweighted). Numbers represent the designation of bands excised for sequencing and
phylogenetic analysis studies.
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Figure 3-14: (A) PCR-DGGE Desulfuromonas sp. community profiles based on the 16S
rDNA obtained from the samples from BBC1 and BBC5. DGGE profile was generated
by the use of the Desulfuromonas sp.-specific primers. Samples are described in Table 24 while the reference lanes (Ref. 1 and Ref. 2) contained the following controls in
descending order: N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry,
B. subtilis 168, Desulfuromonas sp. BB1, and D. gigas (B) Unweighted cluster analysis
of the DGGE banding patterns for BBC1 and BBC5 (Panel A) based on the position of
the bands using UPGMA (C) Weighted cluster analysis based on the position and
intensities of the DGGE banding patterns. Numbers represent the designation of bands
excised for sequencing and phylogenetic analysis studies.
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QWSc

Figure 3-15: (A) PCR-DGGE Desulfuromonas sp. community profiles based on the 16S
rDNA obtained from the samples from BBC3. DGGE profile was generated by the use of
the Desulfuromonas sp.-specific primers. Samples are described in Table 2-4 while the
reference lanes (Ref. 1 and Ref.2) contained the following controls in descending order:
N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry, B. subtilis 168,
Desulfuromonas sp. BB1, and D. gigas (B) Cluster analysis of the DGGE banding
patterns for BBC3 (Panel A) based on the position of the bands using UPGMA
(unweighted). Numbers represent the designation of bands excised for sequencing and
phylogenetic analysis studies.
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from an analysis of the bacterial DGGE profiles. These DGGE profiles support the
hypothesis of the existence of two distinct populations: a groundwater population and
population associated with the fracture and PMSF surfaces. In most cases, the
groundwater DGGE profiles of BBC1 and BBC3 clustered in relation to the date of
sampling. Depth did not have any apparent effect on the clustering for both microbial
groups in the groundwater.
In BBC3, the SRB microbial community structure of PMSF samples clustered
separately from the groundwater profiles and a low similarity coefficient (0.39) (Figure
3-12B). The similarity coefficient between groundwater and PMSF profiles decreased to
0.34 in BBC5 (Figure 3-13B). For BBC5, the clustering trend of the PMSF SRB DGGE
profiles was not depth dependent (Figure 3-13B), while bacterial DGGE profiles showed
depth dependent clustering. Although all of the groundwater SRB profiles of BBC5
clustered together, they showed a low degree of similarity with a coefficient of < 0.61
(Figure 3-13B). As in the bacterial DGGE profiles, the shallowest PMSF sample
clustered poorly (0.48 similarity coefficient) with the soil SRB profile (Figure 3-13-B).
The DGGE profiles for the PCR products generated by the Desulfuromonas sp.
specific primer showed an unexpected level of diversity (Figures 3-14A and 3-15A).
Approximately 25 different bands were detected in the groundwater samples of BBC1
and BBC3 (Figures 3-14A and 3-15A) and in the fracture and PMSF samples of BBC3
(Figure 3-15A). A much lower number of Desulfuromonas sp. DGGE bands was detected
in the porewater profiles of BBC1 and BBC3 (6 bands only), which was a value similar
to those obtained from the drilling water (TDW and CDW) samples (Figures 3-14A and
3-15A). These results suggest that the diversity of the groundwater and the PMSF
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samples may be a true representation the indigenous microbial community. The dominant
band (lowest in each lane) in the groundwater samples of BBC1 and BBC3 was different
from dominant band associated with the fracture and PMSF samples, (Figures 3-14 and
3-15). The dominant band in the BBC5 groundwater samples was different from one
found in BBC1 and BBC3 groundwater samples (Figures 3-14A and 1-15A). This result
indicates that the composition of the Desulfuromonas sp. community in BBC5 was
different from the other wells. This hypothesis was supported by the results of a weighted
UPGMA analysis of the DGGE profile of BBC 1 and BBC5 (Figure 3-14A, C). The use
of the weighted UPGMA was possible for these DGGE gels because the denaturing
gradient had a good distribution that was confirmed by strong clustering of the reference
lanes (Ref. 1 and Ref.2) with a similarity coefficient of 0.97 (Figure 3-13C). All of the
BBC5 groundwater samples clustered together with a high similarity coefficient (0.801.00), but have almost no similarity (0.06) to the BBC1 groundwater samples (Figure 314C). For the BBC5 PMSF samples and soil samples, no PCR products were obtained
with this primer set.
Because of a very limited number of bands, UPGMA analysis was not performed
on the DGGE profiles for Geobacteraceae (Figure 3-16), Archaea (Figure 3-17A)
An.Meth.Ox. (Figure 3-17B), and Dehalococcoides sp. (Figure 3-18). The DGGE gels of
these microbial groups were mainly used for the isolation of bands for subsequent
sequencing.

3 .6 E stim ation o f M icrobial B iom ass via R eal Tim e P C R
A modification of the ratio approach (Takai and Horikoshi, 2000) was used to
quantify the abundance of each microbial group in the BBC samples. Takai and
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Figure 3-16: PCR-DGGE Geobacteraceae community profiles based on the 16S rDNA
obtained from the samples from BBC1 (A) and BBC3 (B). DGGE profile was generated
by the use of the Geobacteraceae-specific primers. Samples are described in Table 2-4
while the reference lanes (Ref. 1 and Ref.2) contained the following controls in
descending order: N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry,
B. subtilis 168, Desulfuromonas sp. BB1, and D. gigas. Numbers represent the
designation of bands excised for sequencing and phylogenetic analysis studies.
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Figure 3-17: PCR-DGGE Archaea (A) and An.Meth.Ox. (B) community profiles based
on the 16S rDNA obtained from the samples from BBC1 and BBC3. DGGE profile was
generated by the use of the Archaea- and An.Meth.Ox.-specific primers, respectively.
Samples are described in Table 2-4 while the reference lanes (Ref.l, Ref.2, and Ref.3)
contained the following controls in descending order: N. europaea, Dehalococcoides sp.
FL2, D. ethenogenes, S. algae Bry, B. subtilis 168, and Desulfuromonas sp. BB1.
Numbers represent the designation of bands excised for sequencing and phylogenetic
analysis studies.
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Figure 3-18: PCR-DGGE Dehalococcoides community profiles based on the 16S rDNA
obtained from the samples from BBC1 (A) and BBC3 (B). DGGE profile was generated
by the use of the Dehalococcoides sp.-specific primers. Samples are described in Table 24 while the reference lanes (Ref. 1 and Ref. 2) contained the following controls in
descending order: N. europaea, Dehalococcoides sp. FL2, D. ethenogenes, S. algae Bry,
B. subtilis 168, Desulfuromonas sp. BB1, and D. gigas. Numbers represent the
designation of bands excised for sequencing and phylogenetic analysis studies.
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Horikoshi (2000) quantified the number of archaeal 16S rRNA genes present in a
population compared to total 16S rDNA present in that population. To estimate the
proportion of the archaeal population in environmental samples, a specific primer set and
probe for the V3 region of Archaea was used to amplify and quantify archaeal 16 rDNA,
which compared the results generated by the use of a universal primer set and probe
against the same region. Since several microbial groups were to be quantified and the
relevant primers were designed against different regions in the 16S rRNA gene, a
modified approach was used. First, whole 16S rDNA was used as a template to quantify
various microbial groups via nested-real time PCR (nRT-PCR) approach. Second, SYBR
Green I chemistry was used to quantify the yields replacing the need to design specific
probes for each microbial group. This modification also allowed the use of published and
frequently implemented primer sets for each microbial group. After testing each primer
set for their specificity and efficiency, the primers were used as probes for quantification
purposes (see Table 2-7 for references). Another advantage of this technique was that the
same real time PCR conditions could be used for all of the different microbial groups.
This step minimized the variability that might occur in the PCR as a result of different
annealing temperatures for different primer sets. The quantification of different microbial
groups in the same run also reduced time, cost, and effort.

3.6.1 Establishm ent o f Standard Curves
The efficiency for each primer set was determined (Figure 3-19) and showed that
the real time PCR conditions used in this study worked well with most of the primer sets.
The correlation coefficients (R2) values for all of the primer sets, except for
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Figure 3-19: SYBR Green I standard curves generated for each microbial group.
Correlation coefficients and curve equations are provided in the upper right of each panel.
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Standard curves were generated in triplicate as described in the Materials and Methods.
Error bars represents standard deviation.
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Desulfuromonas, were 0.97 or greater (Figure 3-15). For most ecological investigations, a
value of 0.95 is required for precise reliable measurements (Stults et al., 2001).
To verify the specificity of the primer sets and the degree of primer-dimers
formation, the dissociation curves of the end products were generated for each standard
curve (Figure 3-20). Primer-dimers are unstable and dissociate at low melting
temperatures just before the specific target products (for example see Figure 3-20C).
They were detected in the tubes containing the lowest amounts of DNA and the no
template controls (NTC) of the standard curves of Bacteria, sulfate reducers, and
possibly, Dehalococcoides (Figure 3-20ACE, respectively). Typically, primer-dimers are
formed during the late stages of the PCR as the primer is extended (K. Carleton, personal
communication). However, the C rvalues of the specific target product are not affected by
primer-dimer formation since the Cr is calculated as soon as a significant increase in
fluorescence is detected. The Cr calculation occurs during the early stages of the PCR (K.
Carleton, personal communication). The dissociation curves

for Archaea

and

Geobacteraceae were free of these primer-dimers suggesting very high specificity
(Figure 3-20B, D, E). The relatively lower correlation coefficient (0.9467) associated
with Desulfuromonas primer set was most probably a consequence of the DNA sample
used as a standard curve. While all of the other standard curves used genomic DNA, 16S
rDNA clone, was used for Desulfuromonas determinations because of the unavailability
of genomic DNA. Since the dissociation curve for Desulfuromonas showed the presence
of the primer-dimers in all dilutions concurrently with the absence of the specific target
product (Figure 3-20F), caution should be exercised with analysis of the abundance
Desulfuromonas sp.

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A) Bacteria

B) Archaea

----- 1.06*00 ng
----- 1.0&03 ng
---- -1.0606 ng

"> <(!>•
„<v V

-----1.0601 ng
-----1.0604 ng
----- NTC

Jb /(V..A

—— 1.06*00 ng
-----1.0&03 ng
----- 1.0606 ng

1.0602 ng
-----1.0605 ng

----- 1.0601 ng
----- 1.0604 ng
----- NTC

*$>">
■jy a*
'V

<v -N r«& <b <b

<£>• ,£ • 4»- «£>• <£>• (J>-

J*- <£
.>
/if»
»• <&■<J"
$>•

Tm(°C)

Jo
<$J*>
>• $>
■

Tm(°C)
D) Geobacteraceae

C) Sulfate Reducers
- 1.0BOO ng
1.0603 ng
-1.0606 ng

1.0502 ng
-----1.0605 ng

-1.0601 ng
-1.0604 ng
-NTC

1.0&02 ng
-1.0&05 ng

-lO&OOng
-1.0603 ng
-1.0606 ng

-1.0601 ng
- 1.0&04 ng
-NTC

1.0B02 ng
-1.0&05 ng

6

6
P rim e r-d im e rs

A /a

4

4

2

2

V1 i
K y\

0

0

\

-2

-2

^

* 4? jp ^ ^ <e>y 4?

^

<$>*<$>*

Tm(°C)

Tm(°C)
F) Desulfuromonas

E) Dehalococcoides
----- 1.0BO0 ng
----- 1.0603 ng
----- 1.0606 ng

^ $>4? 4? <§?

-----1.0601 ng
-----1.0604 ng
— -NTC

1.0602 ng
-----1.0605 ng

- 1.0BO0 ng
- 1.0E-03 ng
-1.06-06 ng

-1.0601 ng
-1.06-04 ng
-NTC

1.0E-02 ng
-1.0605 ng

©
£
o

&SSS*

3

U.

yp’yp' ^

^

<$>^

<£?
Tm(°C)

Tm(°C)

Figure 3-20: Dissociation curves for the different microbial groups. Readings were
automatically recorded at the end of the PCR amplifications. Values are triplicate
readings.
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3.6.2 Prokaryotic Abundance in BBC1 and BBC3
Nested-real time PCR was used to determine the relative abundance of six
microbial groups for groundwater samples obtained from BBC1 and BBC3 (Figures 3-21,
3-22, and 3-23). These groundwater samples were part of a seasonal study on these two
wells. No significant variation was detected in the abundance of all the prokaryotic
groups studied. Depth or time did not have any significant effect when ANOVA was
applied on the data. This could be attributed to the fact that the AODC number ranged
only between 104 and 105 cells/ml (Table 3-3). This very low variation in the AODC
counts made it difficult to detect any significant temporal or spatial trends in prokaryotic
abundance in BBC1 and BBC3 groundwater samples.
Various degrees of correlation between the abundance of a microbial group and
different chemical parameters (Tables 3-4 and 3-5) were observed. The abundance of
Dehalococcoides sp. was negatively correlated with the presence TCE and all of its
metabolites in BBC1 and BBC3, regardless of time and depth. This result may suggest
that this microbial group was degrading TCE completely to ethene and/or carbon dioxide.
Other metabolic groups may help degrade ethane to CO2 . A relatively lower negative
correlation between TCE and its metabolites was observed for Desulfuromonas sp. in
BBC1, while this correlation was positive (relatively low) in BBC3. This result suggests
that Desulfuromonas sp. was not entirely dependent on TCE as a carbon and/or energy
sources. Only positive and relatively weak negative correlations existed between TCE
and the other physiological groups (i.e., Desulfuromonas, Geobacteraceae and sulfate
reducers). These data suggest that Dehalococcoides sp. has the potential to be the main
microbial group involved in TCE degradation for these wells. In complex environmental
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Figure 3-21: nRT-PCR results for groundwater (GW) samples collected from BBC1 and BBC3 for Bacteria (A and B) and Archaea
(C and D).
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Figure 3-22: nRT-PCR results for groundwater (GW) samples collected from BBC1 and BBC3 for Geobacteraceae (A and B) and
sulfate reducers (C and D).

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A) BBC1

B) BBC3
10000
1000
B 40-45 ft
0 4 7 - 5 2 ft

Late Feb.

□

06/04/01

rf

10
09/06/01

a 59-64 ft

100

c

Mid March

06/15/02

2001

06/04/01

08/24/01

2001

C) BBC1

D) BBC3

10000

10000

1000

1000

SI 95-100 ft

Late June
2002

n

H h

I t

* 1
T

r f
S S

a 40-45 ft
0 4 7 - 5 2 ft

100

S'

N il

100

■ 59-64 ft

III

B 95-100 ft

c

10

11111
- *
iw i

1
Late Feb.

06/04/01

09/06/01

Mid March

06/15/02

2001

2001

ssyrij;

H ....

06/04/01

08/24/01

Late June
2002
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Table 3-4: Correlation coefficients among the different parameters recorded for BBC1 at both depths studied.
Bacteria
Archaea
An.ftfeth.Gx
D ehalococcddes
D esulfum m onas
G eobacteraeeae
Sulfate-Reducers
TOE
trans-1,2-DCE
ds-1,2-DCE
VC
Ethene
Chloride
Methane
Sulfate
Fe, total
Potassium
NPOC
Arrmonia
Copper
Magnesium
Oxygen
pH
Temp.

Bacteria Archaea An.Mefh.Qx Qebafococcorafes Oesuffcramonas Geobacteraceae Sulfate-R educers
1.000
-0.004
1.030
-0.273
-0.527
1.000
-0.498
0.975
-0.285
1.000
0.434
-0.011
-0.383
-0.357
1.000
0.041
0.571
-0.448
-0.440
-0.028
1.000
-0.154
-0.014
-0.290
-0.292
-0.228
0.033
1.0)0
0.314
-0.594
0.295
-0.495
-0.220
0.302
0.691
0.164
0.147
-0.357
-0.286
-0.304
0.138
0.896
0.284
-0.841
0.246
-0.736
0.105
0.289
0.590
-0.426
0.012
-0.362
-0.117
-0.291
0.185
0.786
-0.020
0.750
0.136
-0.403
-0.499
0.009
-0.465
0.461
0.281
-0.303
-0.340
-0.198
0.012
0.628
0.107
-0.644
-0.259
-0.711
0.074
0.223
0.641
0.320
-0.652
-0.737
-0.015
0.204
0.455
0.613
0.243
0.264
0.549
-0.412
-0.600
0.213
-0.410
-0.236
-0.282
-0.061
-0.242
-0.367
0.289
0.151
0.376
-0.442
-0.028
-0.213
0.300
-0.013
-0.115
0.834
-0.156
-0.643
0.827
-0.027
-0.377
-0.756
-0.517
-0.316
-0.548
0.878
0.932
-0.435
-0.157
0.649
0.219
-0.152
-0.105
-0.252
-0.247
0.363
0.098
0.673
-0.064
-0.291
-0.031
0.553
-0.425
0.072
-0.121
0.192
0.127
-0.328
-0.348
-0.135
0.064
0.318
-0.366
0.244
-0.436
-0.305
0.515

Table 3-5: Correlation coefficients among the different parameters recorded for BBC3 at both depths studied
Bacteria
Archaea
An.Meth.Qx
D ehalococcades
D esuifurom onas
G eobacteraeeae
Sulfate-Reducers
ICE
trans-1,2-DCE
cfs-1,2-DCE
VC
Ettiene
Chloride
Methane
Sulfate
Fe, total
Potassium
NPOC
Ammonia
Copper
Magnesium
Oxygen
pH
Terris.

Bacteria Archaea An.Meth.Qx D ehalococcoides D esuifurom onas G eobacteraeeae Sulfate-R educers
1.000
-0.239
1.000
-0.202
-0.234
1.000
-0.213
-0.158
0.917
1.000
0.337
0.439
0.561
1.000
-0.458
1.000
0.984
-0.213
0.315
-0.346
0.302
0.607
1.000
0.578
0.494
0.013
-0.111
0.701
0.113
0.244
-0.495
0.669
0.693
0.229
0.318
0.085
0.077
-0.012
-0.293
0.701
0.768
0.428
0.887
0.393
0.046
-0.110
0.891
0.509
0.175
0.362
-0.148
0 .2 )8
0.713
0.769
0.569
0.010
0.247
0.291
0.270
-0.296
0.393
-0.434
0.128
0.110
0.117
0.213
0.050
0.065
0.295
0.623
0.144
0.762
0.378
0.679
0.608
0.442
0.433
0.352
0.537
-0.286
0.244
0.471
0.351
0.348
0.752
0.334
0.615
0.408
0.211
0.032
0.049
0.511
0.750
0.366
0.222
0.405
0.403
0.403
0.740
0.072
0.687
0.842
0.580
0.370
0.008
0.492
0.493
-0.674
0.506
0.599
0.130
0.510
0.698
-0.382
0.492
0.581
0.735
0.279
0.476
0.233
0.054
0.279
0.269
0.603
0.559
-0.152
0.631
0.178
0.284
0.148
0.776
0.541
-0.199
0.250
0.610
0.321
0.106
0.198
0.243
0.640
0.632
0.368
0.427
0.316
0.700
-0.406
0.580
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systems, the total loss of chloroethene contaminants is rarely quantified by ethane and
ethane accumulation (Bradley and Chapelle 1999). These assumptions should be treated
cautiously since we have only bulk measurements of the chemical parameters. More
detailed analyses are needed to prove these conclusions.

3.6.3 Prokaryotic Abundance in Groundwater vs. PM SF
As discussed earlier for BBC5 (Section 3.5.5), the microbial community structure
found in the groundwater was significantly different from that associated with the
PMSFs, although some similarities existed. The overall microbial diversity represented
by number of bands in the DGGE profiles was relatively lower in the groundwater
samples and would suggest limited types of metabolic activity. These measurements
provide an estimate of metabolic diversity, but do not give an indication of microbial
abundance. The relative abundance of several microbial groups for these samples was
determined by the nested-Real Time PCR approach (Figure 3-24). The relative
abundance of several microbial groups was lower in the groundwater samples than in the
PMSF samples (Figure 3-24). The differences in relative abundance of Bacteria,
Archaea, and Geobacteraeeae were not statistically significant (Figure 3-24A-C).
However, the reduced abundance in sulfate reducers for the groundwater samples was
significant (Student’s t-test: P = 0.017). An exception was groundwater sample GW5a,
which was the shallowest groundwater sample (Figure 3-24). The DO of this
groundwater sample was 10-fold higher than the next depth (Table 3-2). Despite this, the
abundance of sulfate reducers was still relatively lower in GW5a than in PMSF5a (Figure
3-24D).
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Figure 3-24: nRT-PCR results for GW, PMSF, F, and soil samples collected from BBC5 for Bacteria (A), Archaea (B),
Geobacteraeeae (C), and sulfate reducers (D).
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Similar results were obtained for the samples collected from BBC3 (Figure 3-25).
The abundance of Bacteria was significantly higher (Student’s t-test, P - 0.001) in the
PMSF samples than the corresponding groundwater samples collected during the months
of August 2001 and June 2002 (Figure 3-25) where the degree of diversity (number of
bands) was approximately similar to that of BBC5. Although the abundance of
Dehalococcoides sp. was relatively higher in the PMSF samples of BBC3 during the
same periods, these data were not significant. There were no statistical differences
detected in the abundance of the other microbial groups between PMSF and groundwater
(data not shown).
To my knowledge, this was the first direct evidence for bedrock demonstrating an
increased diversity and abundance associated with the attached microbial community
structure (in the PMSF samples) compared to the unattached microbial community in the
corresponding groundwater samples. Harvey et al. (1984) first proposed this situation in
an aquifer in Cape Cod, MA and several other studies have reached similar conclusions
with sedimentary groundwater aquifers (Koebel-Boelke et al., 1988; Godsy et al., 1992;
Berkins et al., 1999). In a study on an acidic, crystalline rock aquifer, Lehman et al.
(2001a) reached the opposite conclusion. Their study used enrichment techniques for
enumeration that have strong biases (Head et al., 1998; Ward et al., 1998; Orphan et al.,
2000 ).

Because of background interference we do not have AODC numbers for PMSF
samples to confirm these conclusions. If the AODC numbers were available, these
numbers would need to be expressed as cells/rock mass, surface area, or rock volume and
cells/ml in PMSF and groundwater, respectively, as other studies (Lehman et al., 2001a;
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Figure 3-25: nRT-PCR results for PMSF and GW samples collected from BBC3 at 95-100 ft depth interval for Bacteria and
Dehalococcoides.
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Pedersen and Ekendahl, 1990, 1992). The nested-Real Time-PCR approach expressed
microbial abundance as fg PCR product/ng DNA extracted to provide comparable units
for both sample types.

3 .7 P hylogenetic Assessments f o r S ite 32
3.7.1 Bacterial Assemblages
The molecular fingerprinting by DGGE analysis (see Section 3.5) provided one
measure of microbial diversity. Many of these DGGE bands were excised, purified and
sequenced to identify the closest phylogenetic group. Partial sequencing of the V3 region
of the 16S rDNA of about 400 DGGE bands confirmed differences in the phylotypes
recovered from the samples that were observed in the community profiling study (Section
3.5). Aligning these sequences with reference sequences that had the highest degrees of
similarity created several phylogenetic trees. Figure 3-26 shows phylogenetic tree based
on the bacterial samples obtained from BBC1, BBC3, BBC4 and BBC5, while Figure 327 shows the Proteobacteria cluster of Figure 3-26.
In general, the sequences retrieved from the RDP II database that were closest to
bacterial sequences collected from the BBC wells were mainly obtained from aquifers
and fresh water systems contaminated with TCE and benzene. A few of the sequences
that were obtained from sludge and waste treatment effluent were also close to the BBC
samples. This result suggested that the microbial community structures found in the BBC
wells were similar to other contaminated sites.
Almost all of the bacterial partial sequences were not 100% identical to any of the
bacteria in the RDP II database (August 2003 release). The similarity values obtained
between the retrieved bacterial DGGE band sequences and the bacteria in the database
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Figure 3-26: Phylogenetic tree of the bacterial DGGE bands from BBC1, BBC3, BBC4,
and BBC5 generated using primers against the domain Bacteria. A rooted phylogenetic
tree was created from the neighbor-j oining analysis of 502 unambiguous nucleotide
positions from 195 bacterial 16S rDNA. Bootstrap values above 50% from 100 bootstrap
analyses are given at branches nodes. Gaps were excluded from the analysis. The
Proteobacteria cluster is exploded in Figure 3-27. Accession numbers for sequences
retrieved from GenBank are in parentheses. Methanosprillum hungatei was included as
an outgroup. The scale bar left indicates 0.05 substitution per site. Sequences with
identical nomenclature are bands sequenced from different DGGE gels for the same
sample. Putative divisions or phyla are listed outside the brackets.
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Figure 3-27: The Proteobacteria cluster from Figure 3-26. Putative classes are listed
outside the brackets. (*) These sequences are from hydrocarbon-contaminated sites.
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were far too remote to make reasonable comparisons of their phenotypic characters at the
genus level. Approximately 65% of the bacterial sequences had similarity values less
than 80% to bacterial sequences in the database. About 30% of the bacterial DGGE
sequences had 80-90% similarity values. This indicated the novelty of the microbial
community structure in Site 32. One exception was a DGGE band from BBC4 that had a
similarity of 99.8% with an uncultured low G+C gram-positive bacterium (AY 133091)
retrieved from a TCE contaminated site that belonged to the phylum Mollicutis (Figure 326).
The majority of the sequenced bacterial DGGE bands clustered within seven
established bacterial divisions or phyla. Clusters related to the Dehalococcoides,
Actinobacteria,

Clostridia,

Cyanobacteria,

Cytophaga/Flavobacterium/Bacterooides

(CFB), Mollicutis, and a, p, j, and 8 classes of the Proteobacteria were identified in the
BBC wells (Figures 3-26 and 3-27). Two, possibly three, sequence clusters could not be
affiliated with any of the established bacterial divisions and could be proposed as
potential candidate divisions. A phylum or division is defined by Hugenholtz et al. (1998)
exclusively on phylogenetic bases as a “lineage consisting of two or more 16S rRNA
sequences that are reproducibly monophyletic and unaffiliated with all other divisionlevel relatedness groups that constitute the bacterial domain.” They determined
reproducibility by the exploitation of multiple tree-building algorithms, bootstrap
analysis, and changing the composition and size of data sets used for phylogenetic
analyses (Hugenholtz et al., 1998).
Although similarities existed, compositional differences were evident between the
bacterial sequences retrieved from the groundwater, and the PMSF, F, and PW samples
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collected from the four BBC wells. Most of the bacterial DGGE bands retrieved from the
groundwater samples were affiliated with the Proteobacteria; the majority of which
belonged to the p-Proteobacteria (Figures 3-26 and 3-27). The members of this division
are well known for their extreme metabolic and ecological diversity and their retrieval
from the BBC groundwater system was expected. The remaining bacterial sequences
from the groundwater samples were mainly affiliated with the Mollicutes and the
unclassified Fermicutes low G+C gram-positive clusters (Figure 3-26).
Sequences belonging to the P-Proteobacteria were less frequently found in the
PMSF, F, and PW samples. Those few sequences found were mainly affiliated with the
Burkholderiaceae family with similarity value as high as 82.8% to the Ralstonia genus
(Figure 3-27). Many species of this genus are facultative lithotrophs with FE as an
electron donor. When FE is continuously supplied from fermentative metabolism (Zumft,
1997; Buhrke et al., 2001) this habitat is possible on the PMSF surfaces. In such habitats,
these

FE-oxidizing

bacteria

would

shift

between

chemoorganotrophic

and

chemolithotrophic growth patterns depending on the amounts of organic compounds and
FE available (Busse and Auling 1999). Another source of FE could be generated by the
organisms that belonged to the low G+C gram-positive unclassified Fermicutes cluster
with similarity up to 79.3% to the RDP II database bacterial sequence (Figure 3-26). This
bacterial sequence (AY128088) was obtained from a sludge microbial community that
converted a simulated acidified wastewater into hydrogen. The unclassified Fermicuteslike sequences were detected only in BBC1 and BBC3 in the samples that exhibited
highest degree of diversity at both depths (June and September 2001 for BBC1 and only
June 2001 for BBC3). A degree of diversity that could have been enhanced by nutrients
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introduced via drilling activities from the overburden. This sequence cluster was also
detected in DGGE gels loaded with amplicons generated by sulfate reducers specific
primers in the same set of samples with similarity up to 93.7% (Figure 3-28). A few
sequences from the PMSF samples aligned with the (3-Proteobacteria and were loosely
related (less than 80% similarity) to an environmental sequence retrieved from a
microbial community associated with metal-rich particles from a fresh water reservoir
(Stein et al 2002). Another indication for this conclusion was the retrieval of another
environmental sequence (with similarity up to 80% to the closest PMSF bacterial
sequence) in CFB division (AY038609) that was obtained from microbial communities
associated with lacustrine subsurface sediments. These results suggest the possibility that
these organisms can only thrive on solid surfaces in different environments. This
hypothesis requires further experimental evidence.
The bacterial sequences retrieved from the PMSF, F, and PW samples were found
to cluster within the following divisions: a and y classes of the Proteobacteria,
Dehalococcoides, Actinobacteria, Cyanobacteria, and CFB (Figures 3-26 and 3-27).
Only a few sequences from the groundwater samples were found to cluster within these
divisions and most of which coexisted in the PMSF, F, and PW samples. These results
indicate that the majority of the dominant microbial populations existing on the rock
surfaces were members of these divisions. These results support the major conclusion
derived from DGGE profiling and the relative abundance results that the microbial
populations existing in the groundwater were significantly different, both qualitatively
and quantitatively, from those existing on the rock surfaces.
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Figure 3-28: Phylogenetic tree of the bacterial DGGE bands from BBC1, BBC3, and
BBC5 generated using primers against sulfate reducers. A rooted phylogenetic tree was
created from the neighbor-j oining analysis of 471 unambiguous nucleotide positions from
114 bacterial 16S rDNA. Bootstrap values above 50% from 100 bootstrap analyses are
given at branches nodes. Gaps were excluded from the analysis. Accession numbers for
sequences retrieved from GenBank are in parentheses. Methanosprillum hungatei was
included as an outgroup. The scale bar left indicates 0.05 substitution per site. Putative
divisions and classess are listed outside the brackets. Putative families are indicated
inside the brackets in the case of the h-Proteobacteria cluster.
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Members of the Actinobacteria and a few species from the Cyanobacteria
generate filaments during growth (Kom-Wendisch and Kutzner, 1999; Waterbury, 1999),
which could be the case in our system. These filaments could have provided the support
for the establishment of microbial bio-patches on the fracture surfaces. On the other hand,
the Actinobacteria, specifically the Streptomyces, are characterized by the production of a
wide variety of antibiotics (Kom-Wendisch and Kutzner, 1999); which in turn could have
selected for the growth of certain bacterial members within the biofilms. This
phenomenon could have contributed to the compositional differences observed between
the microbial communities in the groundwater and the fracture surfaces. Although
members of Cyanobacteria are well known for their phototrophic growth under aerobic
conditions,

some

members

(mainly

filamentous

species)

can

actually

grow

chemoheterotrophically in the dark (Waterbury, 1999). Furthermore, many species from
the Cyanobacteria can grow within rock material (endolithic) that slowly weathers the
rock (Waterbury, 1999). Consequently, the existence of Cyanobacteria-like communities
on the BBC fracture surfaces is not totally unusual.
Members o f both the a- and y-Proteobacteria classes and some chemolithotrophs
can anaerobically oxidize H2 S into elemental sulfur which is further oxidized into sulfate
to supply the need for reducing power (Robertson and Kuenen, 1999; Imhoff, 2001).
Retrieving the a- and y-Proteobacteria-\ike sequences mainly from the PMSF and
fracture samples could indicate that the geobiochemical processes within the fracture
surfaces were to a large extent sulfur-dependent.
Most of dominant bands detected in the DGGE gels of BBC4 and BBC5
groundwater samples belonged to the |3-Proteobacteria class. The dominant band in the
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CDW samples, however, belonged to the y-Proteobacteria class with a similarity of
92.9% to S. algae Bry. This could be attributed to the existence of TCE and its
metabolites in the BBC wells.
Some of the bacterial bands that seemed to migrate similarly in the DGGE gels
were affiliated to different bacterial divisions. One explanation for this result is the
formation of heteroduplex molecules, which are observed in multitemplate PCR
amplification (Fernandez et al., 1993). These molecules form when annealing occurs
between similar but nonidentical PCR products originating from different but closely
related organisms (Ferris and Ward, 1997). This problem complicates the DGGE profile
analysis, but the omission of possible heteroduplex bands during the image analysis did
not cause significant changes in the overall cluster analysis results (data not shown). The
only way to verify heteroduplex molecules is by bi-directional sequencing of each band.

3.7.2 Sulfate Reducers
A phylogenetic tree (Figure 3-28) was developed from the DGGE bands from
sulfate reducers community profile (Figures 3-11A, 3-12A, and 3-13A). The primer set
used to amplify the sulfate reducers in this study showed a wide spectrum of specificity
(Figure 3-28). Many of the putative divisions to which these BBC sequences belonged to
were similar to those obtained by the Bacteria-t&rgeted primer set. With the sulfate
reducer primer set, the following members of the following divisions were detected:

Acidobacteria with 82.1% similarity, Geothrix fermentans and y-Proteobacteria with
81.5% similarity to S. algae ATCC 8073. The later two organisms are capable of Fe(III)
and/or S°-reduction (Lonergan et al., 1996). Shewanella sp.-like organisms were
dominant in the CDW sample which suggested that of Fe(III) and/or S°-reduction
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metabolic processes were predominating in pristine groundwater. The Acidobacteria-Xike.
sequences were detected only in BBC3 groundwater samples collected in the months of
June 2001 and 2002 only. The detection of Acidobacteria- and j-Proteobacteria-liks
sequences was rather unexpected (Figure 3-28) since the main target groups for the
sulfate reducers specific primers were the sulfate reducers belonging to the 8-

Proteobacteria, other species of 8- Proteobacteria and Gram-positive bacteria (Castro et
al., 2000).
Like the bacterial sequences, most of the sulfate reducer sequences had low
similarity with the deposited sequences in the RDP II database (less than 90% similarity).
Two exceptions were the Mollicutes division-related environmental sequence (100%
similarity to the closest BBC sequence) and Dialister invisus E7_25 with 98.1%
similarity to a sequence from the pristine well (Figure 3-28). The majority of the
sequences retrieved from the RDP II database were obtained from contaminated sites
primarily PCE and TCE.
With the sulfate reducers’ specific primers, more Clostridia-Wks sequences were
retrieved from the BBC and pristine groundwater samples only (Figure 3-28). The

Clostridia-like DGGE bands were not detected in the PMSF samples. Clostridia
members are known for their fermentative diversity (Hippe et al., 1999). The RDP II
database Clostridia-like environmental sequences that were closest to the BBC sequences
were collected from wastewater sludge containing syntrophic microbes capable of
degrading phthalate under methanogenic conditions (AB091326), microbial consortium
capable of removing singly flanked substitutions from chlorobenzenes (AJ488067),
benzoate degrading methanogenic consortium (AF323772), and anoxic rice paddy soil
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(AJ229231) with similarity up to 79%. The Actinobacteria-Wke sequences were detected
by the sulfate reducers specific primers were mainly found in the PMSF, SO, and only
the June 2002 GW sample of BBC1 with similarity up to 74.4% (Figure 3-28). These
sequences were absent from all the other GW samples including those of BBC5. This
indicated that the Actinobacteria was mostly surface associated either on the fracture
surfaces or soil particles. Sequences belonging to the Bacilli division were also detected
in all types of samples (GW, PMSF, F, and PW) (Figure 3-28). The Bacilli are facultative
aerobes capable of breaking down complex polymers such as polysaccharides, nucleic
acids, and lipids via hydrolytic enzyme permitting the organism to use these compounds
as an electron donor and a carbon source simultaneously (Slepecky and Hemphill, 1999).
Such compounds are abundant in microbial biofilms (Costerton and Lewandowski,
1995).
Within the ^-Proteobacteria, all of the BBC sequences had less than 80% identity
to their closest representative known genera retrieved from the RDP II database (Figure
3-28), except for the Desulfovibrio genus (93.3%). The BBC sequences formed clusters
adjacent to the corresponding families with relatively deeper branches. Long branches
often indicate the presence of novel taxonomic clusters, which are typically observed in
molecular investigations of complex environmental systems (Hugenholtz et al., 1998).
The nearest environmental neighbors to the BBC sequences were obtained from a variety
of environmental settings. These systems included TCE, PCE, chlorinated-solvent, and
monochlorobenzene contaminated aquifers (AY133065, AF529325, AF010536, and
AY050536, respectively), sulfurous springs (AJ307942), the famous Obsidian Pool in the
Yellowstone hot springs (AF026993) ZnS producing biofilms (AY082457), alkaline
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hyper saline lake (AF458285), and from above a gas hydrate in the Cascadia Margin
(AJ535247). This finding revealed our limited knowledge about microbial metabolic
diversity and ecology.
. The most interesting finding obtained with the sulfate reducers specific primers
was the retrieval of a cluster of sequences that was distantly related to the Gram-negative
bacteria with extremely long branches (Figure 3-28). This cluster could not be affiliated
with any of the established or candidate divisions. Although they were only detected in
BBC1 and BBC3 groundwater samples, their existence could not be ruled out from the
other types of samples or BBC wells. This novel cluster, which could be proposed as a
candidate division/s, was relatively abundant and could possibly contribute considerably
to the sulfate-reducing or metal-reducing activity in the BBC wells. A more extensive
examination of this cluster could reveal very intriguing results.
3.7.3 Geobacteraeeae
Most of the sequences retrieved with the Geobacteraeeae-specific primer set
belonged to the 8-Proteobacteria (Figure 3-29). A few sequences were affiliated with p-

Proteobacteria, Clostridia, and Sphingobacteria (Figure 3-29). Only very limited number
of sequences could not be classified with any of the established bacterial divisions.
Within the d-Proteobacteria, 27 sequences detected in the PMSF, F, and PW samples
were affiliated with the family Desulfuromonaceae with up to 96.2% similarity to D.

michiganensis BB1, but only one band was detected in the groundwater of BBC3 (95-100
ft, June 2001). These sequences were not present in any other sample (data not shown).
Several clusters within the h-Proteobacteria were not related to any known genera and
could be proposed as novel taxonomic clusters (Figure 3-29). Sequence clusters, mainly
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Figure 3-29: Phylogenetic tree of the bacterial DGGE bands from BBC1, BBC3, and
BBC5 generated using primers against Geobacteraeeae. A rooted phylogenetic tree was
created from the neighbor-joining analysis of 436 unambiguous nucleotide positions from
79 bacterial 16S rDNA. Bootstrap values above 50% from 100 bootstrap analyses are
given at branches nodes. Gaps were excluded from the analysis. Accession numbers for
sequences retrieved from GenBank are in parentheses. Methanosprillum hungatei was
included as an outgroup. The scale bar left indicates 0.05 substitution per site. Putative
divisions and classess are listed outside the brackets. Putative families are indicated
inside the outer brackets.
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from groundwater samples, were affiliated with Geobacteraeeae, Desulfobacteraceae,

Syntrophaceae, and Desulfomicobiaceae; some of which could be proposed as new genus
clusters within each of the corresponding family. The RDP II database sequence
(AF050534) belonging to the Syntrophaceae family was retrieved from a chlorinated
solvent-contaminated aquifer had 85.6% similarity to the closest BBC sequence (Dojka et
al., 1998). Syntrophus spp. produces acetate and hydrogen via anaerobic oxidation of
organic acids (Dojka et al., 1998).
Members belonging to the genera Geobacter, Desuifuromonas, Desulfuromusa,
and Pelobacter are proposed to constitute the family Geobacteraeeae based on their
common origin and ability to reduce Fe(III) and/or S° (Lonergan et al., 1996). Within the

Geobacteraeeae, the Geobacter and the Desuifuromonas genera form two separate
clusters (Lonergan et al., 1996). The genera Pelobacter and Desulfuromusa form two
distinct clusters within the Desuifuromonas cluster (Lonergan et al., 1996). The
phylogenetic tree topology obtained in Figure 3-29 for these genera was similar to
previously published trees (Lovley et al., 1995; Lonergan et al., 1996).
Most Fe(III) reducers use acetate and/or hydrogen as electron donors; in addition,
they also have the ability to oxidize aromatic hydrocarbons and other organic
contaminants (Lonergan et al., 1996; Lovley, 1997; Rooney-Varga et al., 1999). Some
can reduce U(VI), Mn(IV), As(V), and other metals instead of Fe(III) (Caccavo et al.,
1996; Niggemyer et al., 2001). Some Desuifuromonas sp. will respire chlorinated
solvents such as PCE (Krumholz et al., 1996; Krumholz, 1997). Bradley and Chapelle
(1996) demonstrated the feasibility of VC anaerobic oxidation to CO2 under Fe(III)reducing conditions after the addition of chelated Fe(III). For that, their existence in any
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contaminated system is of crucial importance for any bioremediation strategy where
Fe(III) is available.

3. 7.4 D ehalorespirers
The degree of diversity obtained with the Desulfuromonas-specific primers was
unexpected (Figures 3-14A, 3-15A). All sample types including PMSF, GW, PW, and F
had most of the faint bands in common. However, the most dominant bands (i.e. thickest)
that migrated farthest in the DGGE gels were different among the different sample types
and locations, in the case of BBC5 (Figures 3-14A, 3-15A). The dominant bands for the
PMSF, F, and PW samples migrated equally which made sense; since these samples
represented, in varying degrees, the attached microbial community in the BBC wells
(Figures 3-14A, 3-15A). Although dominant bands migrated differently (Figure 3-14A,
3-15 A), the sequences of the retrieved from PMSF and DW (fresh and stored) clustered
with the D. michiganensis BB1 branch with similarities of 82.7% and 77.7%, respectively
(Figure 3-30). The dominant bands in the groundwater samples of BBC1, BBC3, and
BBC5 clustered along with the faint bands with a marginally supported bootstrap value of
61% to the Desulfuromonas sp. cluster (Figure 3-30). This result provided further support
for compositional differences between the attached and unattached microbial
communities. The exact physiological properties, concerning the different aspects of
reductive dechlorination, of the groundwater sequence cluster could not be inferred, since
this cluster had less than 71% similarity to the closest known Desulfuromonas sp.
isolates. However, the physiology and ecology of D. michiganensis BB1 are sufficiently
described (Sung et al., 2003). These ubiquitous bacteria are readily isolated from pristine
and contaminated systems (Loffler et al., 2000; Sung et al., 2003), and convert PCE
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Figure 3-30: Phylogenetic tree of the bacterial DGGE bands from BBC1, BBC3, and
BBC5 generated using primers against Desulfuromonas sp. A rooted phylogenetic tree
was created from the neighbor-joining analysis of 723 unambiguous nucleotide positions
from 27 bacterial 16S rDNA. Bootstrap values above 50% from 100 bootstrap analyses
are given at branches nodes. Gaps were excluded from the analysis. Accession numbers
for sequences retrieved from GenBank are in parentheses. Escherichia coli was included
as an outgroup. The scale bar left indicates 0.02 substitution per site.
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through TCE to mainly cis- 1,2-DCE at temperatures as low as 10°C (Sung et al., 2003).
The presence of these bacteria helps explain why cis- 1,2-DCE and not trans- 1,2-DCE
was significantly (Student’s t-test; P < 0.0001) the predominant metabolite in the BBC
wells (Table 3-2). D. michiganensis BB1 utilizes acetate, lactate, pyruvate, succinate,
malate, or fumurate, but not H2 , ethanol, propionate, or sulfide as electron donors to
support dechlorination (Sung et al., 2003). Fe(III), S°, PCE, and TCE can be used as
electron acceptors while sulfate, nitrate, sulfite, thiosulfate, and other chlorinated
compounds cannot (Sung et al., 2003). Since Fe(III) reduction does not compete with
PCE or TCE dechlorination, all of these compounds are consumed concomitantly which
is an advantage in environments where different electron acceptors coexist (Sung et al.,
2003). This metabolic diversity in the electron acceptor requirements may help explain
the low correlation values obtained between the relative abundance of Desulfuromonas
sp. and TCE and it metabolites (see Section 3.6.2).
In contrast, the DGGE profiles obtained with the Dehalococcoides specificprimers were not as complex as the Desulforomonas data and the dominant bands were
similar for all of sample types where sufficient amount of PCR product was obtained
(Figure 3-18). A band from a BBC3 groundwater sample collected during June 2002 at
59-64 ft was the exception (Figure 3-18B). This band was only 65.2% similar to the
closest Dehalococcoides sp. environmental sequence (AY133080) and clustered
separately (Figure 3-31). Two faint bands were present only in PW samples from BBC1,
but their existence in other samples cannot be excluded (Figure 3-18A). These bands had
a similarity value of 87.6% with D. ethenogenes str. 195 and clustered separately from
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Figure 3-31: Phylogenetic tree of DGGE bands from BBC1, BBC3, and BBC5 generated
using primers against Dehalococcoides sp. A rooted phylogenetic tree was created from
neighbor-joining analysis of 397 unambiguous nucleotide positions from 27 16S rDNA.
Bootstrap values above 50% from 100 bootstrap analyses are given at branches nodes.
Gaps were excluded from the analysis. Accession numbers for sequences retrieved from
GenBank are in parentheses. Desulfosarcina variabilis was included as an outgroup. The
scale bar indicates 0.1 substitution per site.
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the remaining band sequences (Figure 3-31). Two other faint bands (from different
positions in the DGGE gels from PMSF samples (Figure 3-18B) also clustered
separately, but they were more related (up to 96% identity) to the Dehalococcoides sp.
FL2 (Figure 3-31). All of the remaining bands retrieved from the GW samples of BBC1
and BBC3 clustered with Dehalococcoides sp. FL2 with similarities ranging from 92.3%
to 97.8% (Figure 3-31). Two bands at seemingly similar positions that were obtained
from a GW sample (128-133 ft) and SO of BBC5 (data no shown) were related (94% and
93.4% similarity, respectively) to an environmental sequence (AB074644) belonging to
the Actinobacteria resulting probably from nonspecific annealing in the PCR (Figure 331). All of the other sequences obtained with the Dehalococcoides sp.-specific primers
were matched only to Dehalococcoides sp.-related environmental sequences from the
RDP II database.
To date D. ethenogenes is the only pure culture that is capable of complete
reductive dechlorination of PCE and TCE to ethene (Maymo-Gatell et al., 1997; MaymoGatell et al., 1999). These bacteria are detected in pristine and contaminated systems of
different geological formations and climatic zones (Loffler et al., 2000; Hendrickson et
al., 2002). Since D. ethenogenes is an obligatory hydrogenotrophic for its electron donor
requirements (Maymo-Gatell et al., 1997; Maymo-Gatell et al., 1999; Loffler et al.,
2000), it competes with other H 2 -oxidizing organisms such as acetogens and
methanogens (Sung et al., 2003) and will utilize only certain chloroethenes and 1,2dichloroethane as electron acceptors (1,2-DCA) (Maymo-Gatell et al., 1997). This
stringent electron acceptor requirement could help explain the relatively stronger negative
correlation values observed between the relative abundance of Dehalococcoides sp. and
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TCE and its metabolites (see Section 3.6.2) Thus, these results suggest that reductive
dechlorination in Site 32 was mainly dependent on Dehalococcoides-like microbial
communities. In pure culture studies, ds-DCE, which is the first metabolite detected
during TCE breakdown by Dehalococcoides ethenogenes 195, acts as the precursor of the
rest of the metabolites {trans-DCE and VC). These other metabolites do not support
growth when used solely in the inoculation medium (Maymo-Gatell et al., 1999). This
added factor could help explain the significant predominance of cts-DCE in the BBC
wells (Table 3-2).

3.7.5 Archaea
The phylogenetic tree for the archaea was developed from extracted DGGE bands
(Figure3-17) and a division between the attached and the unattached archaeal microbial
communities was observed (Figure 3-32). This pattern was similar to the results obtained
with the bacterial and microbial group analysis (Section 3.7.1). Members of the
Euyarchaeota, Crenarchaetota and an unaffiliated group of Archaea were detected.
Within

the

Euryarchaeota,

all

of the

sequences

affiliated

with

the

order

Methanomicrobiales were retrieved only from either PMSF or PW samples. The PMSF
sequences had about 94% identity to the methanogen M. hungatei (Figure 3-32), which
uses H2 as an electron donor to reduce C 0 2 to methane (Garcia et al., 2001). Several
archaeal sequences retrieved from GW were only

affiliated with the order

Methanosarcinales (Figure 3-32). Three sequences obtained with the Archaea-specific
primers were related to Methanosarcina barkeri with up to 92.7% similarity (Figure 332). M. barkeri is capable of acetate utilization as a substrate for methanogenesis
(Whitman et al., 1999). Although acetotrophic methanogens account for 2/3rds of
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Figure 3-32: Phylogenetic tree of DGGE bands from BBC1, BBC3, BBC4, and BBC5
generated using primers against the domain Archaea (A) and An.Meth.Ox. (AMO). A
rooted phylogenetic tree was created from the neighbor-joining analysis of 509
unambiguous nucleotide positions from 84 16S rDNA. Bootstrap values above 50% from
100 bootstrap analyses are given at branches nodes. Gaps were excluded from the
analysis. Accession numbers for sequences retrieved from GenBank are in parentheses.
Escherichia coli was included as an outgroup. Scale bar indicates 0.05 substitutions per
site. Anaerobic methane oxidizers sequences (ANME) were obtained from Orphan et al.
(2001) and Teske et al. (2002).
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methane production in methanogenic habitats, only a few organisms are capable of using
acetate for methanogenesis all of which belong to the family Methanosarcinaceae
(Whitman et al., 1999). The remaining methanogenesis is driven by the reduction of CO2
with H2 as an electron donor (Whitman et al., 1999). The presence of these methanogens
suggests that methanogenesis could occur in this environment.
A few sequences that were amplified with An.Meth.Ox-specific primers clustered
separately with M. hollandica and M. taylorii with similarities up to 81.2% (Figure 3-32).
Both organisms are known to utilize methanol and methylamines, but not acetate, as
substrates for methanogenesis (Lomans et al., 1999). Since Methylotrophic archaea can
form stable communities with acetotrophic and hydrogenotrophic methanogens, the
coexistence of similar sequences in the BBC wells is not unusual (Lomans et al., 1999).
Methanogenic microbial communities are able to chemically transform TCE via
co-metabolic pathways (Maymo-Gatell et al., 1999). Besides ethene and ethane
formation, CO2 and CH4 are significant end products of reductive dechlorination under
methanogenic conditions (Bradley and Chapelle, 1999; Bradley et al., 1998). Based on
sequence information, syntrophic associations have been predicted to exist between
bacterial and methanogenic archaeal populations that results in the degradation of
hydrocarbons and chlorinated solvents existing in an aquifer system (Dojka et al., 1998).
Dojka et al. (1998) assumed that anaerobic oxidation of organic acids generated acetate
and hydrogen which in turn were consumed by either hydrogenotrophic or acetotrophic
methanogens in cooperation with a bacterial syntroph that generated acetate and
hydrogen. This situation is also possible in the BBC wells and could account for the CH4
detected in the BBC wells. Sequences for acetotrophic and hydrogenotrophic
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methanogens, and acetate and B^-generating organism (e.g. Syntrophaceae) were found
in the GW and PMSF samples (Table 3-2 and Figures 3-29 and 3-32) and methanogenicreducing conditions existed in the BBC wells at certain depths (unpublished data).
The detection of sequences belonging to the thermophilic Crenarchaeota was an
unexpected result, but not without precedence (Figure 3-32). These sequences formed a
coherent cluster with strong bootstrap values (Figure 3-32) and they have been detected
previously in moderate environments (Bams et al., 1996; Godon et al., 1997; Chandler et
al., 1998; Casamayor et al., 2000). The cultivated species belonging to the thermophilic
Crenarchaeota possess mostly sulfur-dependent metabolisms (S2/O 2 , and H 2/SO 4 ')
(Chandler et al., 1998; Casamayor et al., 2000). Since anoxic conditions dominated the
BBC wells, it is expected that H2 /SO 4 2' metabolism would be the primary metabolic
scheme for these crenarchaeal populations in Site 32. Some members of this metabolic
group will respire H2 with Fe(III) as an electron acceptor (Dawson et al., 2000). In the
absence of a cultivated representative, the physiological characteristics of the colddwelling thermophilic Crenarchaeota and their role in ecosystems are under speculation.
The thermophilic crenarchaeal sequences only matched moderately (less than 74%
similarity) to their closest neighbor, which provides an indication of their novelty. The
remaining crenarchaeal sequences clustered within the nonthermophilic Crenarchaeota
with sequence similarities above 91% to their closest neighbors from forest soil (Jurgens
et al., 1997) and lake water (MacGregor et al., 1997). No representatives of the
nonthermophilic Crenarchaeota group have been cultivated yet (Dawson et al., 2000).
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3.8 A naerobic M ethan e O xidation: D oes it exist in S ite 32?
Methane can be oxidized under anoxic conditions in a process known as
anaerobic methane oxidation (AMO). This process is detected in variety of environments
that include estuarine and marine sediments (Alperin and Reeburgh, 1985; Hansen et al.,
1998; Iversen and Jorgensen, 1985; Martens and Berner, 1977), marine water columns
(Lidstrom, 1983), sewage sludge (Zehnder and Brock 1980), lake water (Iversen et al.,
1987; Panganiban et al., 1979), marine sediments (Pancost et al., 2000; Teske et al.,
2002), and interestingly enough in groundwater (Smith et al., 1991).
AMO involves methane-oxidizing archaea in a consortium with sulfate-reducing
bacteria (Valentine and Reeburgh, 2000). Several lines of evidence including 13Cdepleted biomarkers, specific gene sequences, secondary ion mass spectrometry (SIMS),
and FISH support this novel metabolic hypothesis (Elvert et al., 1999; Hinrichs et al.,
1999; Boetius et al., 2000; Pancost et al., 2000; Orphan et al., 2001a; Orphan et al.,
2001b; Pancost et al., 2001; Teske et al., 2002). In this consortium, it is hypothesized that
the archaeal methanogen acts in reverse (generating H2 and CO2 or acetate from CH4 ) and
the bacterial sulfate reducer scavenges the generated hydrogen or acetate (Hoehler et al.,
1994; Boetius et al., 2000; Valentine and Reeburgh, 2000). Thus, AMO is coupled to
sulfate reduction. Based on 16S rRNA analyses, the archaeal partner in the consortium is
peripherally

related

to

the

methanogenic

orders

Methanomicrobiales

and

Methanosarcinales (Hinrichs et al., 1999). The closest relative to the sulfate-reducing
partner is Desulfosarcina variabilis with up to 91.2% 16S rDNA sequence similarity
belonging to a subgroup in the Desulfosarcina!Desulfococcus branch (Boetius et al.,
2000). However, the bacterial syntrophic partner/s is not limited to a 5-Proteobacteria
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sulfate reducer since some of the 13C-depleted biomarkers detected for the consortium do
not exist in b-Proteobacteria (Orphan et al., 2001b; Teske et al., 2002). The bacterial
syntrophic partner can be any microorganism that is capable of establishing a
microenvironment strongly depleted in hydrogen, acetate, or any other unknown
intermediates to maintain the thermodynamically favorable conditions required for AMO
(Hoehler et al., 1994; Boetius et al., 2000; Pancost et al., 2000). Since AMO is coupled to
sulfate reduction, the uncultivated bacterial partner could be a novel sulfate reducer
(Valentine and Reeburgh, 2000). Thus far, all attempts to isolate and characterize the
members of the AMO consortium (or consortia) have been unsuccessful making the role
and identity of the bacterial syntrophic partner open to debate.
Because methane was detected in the BBC wells, the AMO primer set was used to
detect potential AMO consortia. The An.Meth.Ox.- and Archaea-specific primer sets
amplified PCR products from the BBC well samples but gave different results in the
nRT-PCR experiments in BBC1 and BBC3 (Figures 3-21C, D and 3-33). The above
observation suggests that the An.Meth.Ox.-specific primer set was detecting a select
group of the archaeal community. Members of this archaeal group differed with the
overall archaeal community at least with respect to methane metabolism. A positive
correlation was observed between the relative abundance of archaea and methane in both
BBC1 and BBC3 {r2 = 0.107 and 0.679, respectively; Tables 3-4 and 3-5). This
correlation indicates that the net physiological activity for the archaeal communities
detected with the Archaea-specific primers was methanogenesis. A negative correlation
existed between the relative abundance of the putative An.Meth.Ox. and methane in
BBC1 and BBC3 (r2 = 0.644 and 0.608, respectively; Tables 3-4 and 3-5). At the lower
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Figure 3-33: nRT-PCR results for GW samples collected from BBC1 (A) and BBC3 (B)
for An.Meth.Ox.
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depths of the BBC wells, a sharp increase in the relative abundance of An.Meth.Ox.
occurred and this negative correlation was more evident (Figure 3-33). The r2 values
were 0.572 at 47-52 ft and 0.876 at 95-100 ft in BBC1 and BBC3, respectively. These
results could indicate methane consumption, i.e., possibly by AMO. The relative
abundance of the putative An.Meth.Ox community also correlated negatively with sulfate
concentrations in BBC1 and BBC3 (r2 - 0.652 and 0.537, respectively, Tables 3-4 and 35). This result suggests concomitant sulfate reduction possibly by an associated sulfatereducing syntroph. Theoretically, the relative abundance of sulfate reducers should
increase as the relative abundance of An.Meth.Ox. rises, but that was not the case since a
negative correlation was observed (Tables 3-4 and 3-5). This negative correlation could
be attributed to fierce competition by other microbial groups for the metabolic products
of AMO (i.e. hydrogen and/or acetate). Alternatively as suggested by Valentine and
Reeburgh (2000), a novel sulfate-reducing community could be associated with AMO
and could not be detected with the primers used. Another possible explanation for these
results is that the sulfate reducers inhibited the An.Meth.Ox. community. Sulfate reducers
such as Desulfovibrio vulgaris, Desulfovibrio gigas, and Desulfovibrio desulfuricans
produce acetate, CO2 , and H2 from lactate under sulfate-limiting conditions (Drzyzga,
and Gottschal. 2002). In a coculture, some of these sulfate reducers provide H 2 to
methanogens allowing for the occurrence of methanogenesis (Bryant et al., 1977; CordRuwisch et al., 1986; Traore et al., 1983). If this scenario was occurring, the negative
correlations observed between the sulfate reducers and An.Meth.Ox. as well as the
positive correlation between the sulfate reducers and methane concentrations would be
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predicted (Tables 3-4 and 3-5). This hypothesis opens the door for another yet
unidentified organism to play a role in AMO at Site 32.
Nonetheless, two sequences that were detected by the Geohacteraceae-specific
primers clustered with a group of environmental sequences that belong to the
Desulfobacteraceae of the b-Proteobacteria and had a strong bootstrap value (94%)
(Figure 3-29). Two of these environmental sequences were retrieved from the Eel River
Basin (Hinrichs et al., 1999; Orphan et al., 2001b) and from above a gas hydrate in the
Cascadia Margin (Boetius et al., 2000). Both of these environments harbor AMO
(Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001b). Two more potential
AMO sequences were detected by the use of the sulfate reducer-specific primers (Figure
3-28) and they clustered with a sequence retrieved from Cascadia Margin (Boetius et al.,
2000). These findings support the possible existence of a sulfate-reducing partner.
AMO generates a considerable amount of energy and biomass in many sites
including methane seeps of the Eel River Basin (Hinrichs et al., 1999; Orphan et al.,
2001b), hydrothermally active sediments of the Guaymas Basin (Teske et al., 2002),
sediments at Santa Barbara Basin (Orphan et al.„ 2001b), and methane hydrate sediments
at the Cascadia Margin (Boetius et al., 2000). Many of the bacterial populations existing
at theses sites are also found in petroleum- and hydrocarbon-rich environments and in
aromatic hydrocarbon enrichment cultures (Teske et al., 2002). For example, the greennonsulfur bacteria phylum to which D. ethenogenes belongs exists in the Guaymas Basin
sediments (Teske et al., 2002). As discussed earlier, we were able to detect sequences
using the sulfate reducer-specific primers that were shared among the above-mentioned
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environments besides the detection of Dehalococcoides in the BBC wells (Figures 3-28
and 3-31).
As mentioned earlier, D. ethenogenes is an obligate hydrogenotroph (MaymoGatell et al., 1997; Maymo-Gatell et al., 1999; Loffler et al., 2000) and competes strongly
with other FL-utilizing microorganisms such as acetogens and, more importantly for this
discussion, methanogens (Sung et al., 2003). In anoxic organochlorine-contaminated
sites, chlororespiring bacteria will flourish as long as reductive dechlorination is not
limited by the bioavailability of the electron acceptors (i.e. the chlorinated compounds)
(Loffler et al., 1999; Drzyzga and Gottschal, 2002). Under these conditions these bacteria
are very efficient in maintaining hydrogen concentrations well below the threshold that
would allow sulfate-reduction or methanogenesis (Loffler et al., 1999; Drzyzga and
Gottschal, 2002). On the other hand, their metabolism could enhance the AMO process
by efficiently removing H 2 from the aqueous medium as discussed above. Our data
support this hypothesis. The relative abundance of both the Dehalococcoides sp.-like and
putative An.Meth.Ox. microbial communities correlated very strongly in BBC1 and
BBC3 (r2 - 0.975 and 0.917, respectively; Tables 3-4 and 3-5). Based on the negative
correlation coefficients observed (Tables 3-4 and 3-5), the Dehalococcoides sp.-like
microbial communities seemed to compete to various degrees with all of the other
physiological groups, except the An.Meth.Ox. These result suggest that hydrogen was the
electron shuttle in the AMO process
Since the abundance of the An.Meth.Ox and Dehalococcoides sp.-like microbial
communities increase simultaneously, my current model predicts that hydrogen was the
electron shuttle in the AMO process. To my knowledge, this research provides the first
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indirect molecular evidence suggesting that hydrogen acts as the electron carrier in AMO.
To my knowledge, hydrogen levels have not been monitored in any AMO environments.
The role of hydrogen is controversial and under constant speculation (Boetius et al.,
2000; Sorensen et al., 2001). Based on theoretical thermodynamic evaluations for the
AMO process, hydrogen and acetate have not been considered as electron carriers since
very minute inter-bacterial distances are needed for efficient energy distribution between
the sulfate-reducing and the An.Meth.Ox. partners (Sorensen et al., 2001). Those
assumptions were based solely on idea that a consortium harbors only both organisms
and without regard to the possible existence of another member or factor affecting the
AMO process (Sorensen et al., 2001). This situation is hardly the case in the complex
environments where AMO was detected.
Biomarker studies have clearly identified the archaeal partner that is responsible
for the AMO process (Boetius et al., 2000; Orphan et al., 2001a; Orphan et al., 2001b),
but phylogenetic diversity is found to exist among the An.Meth.Ox. communities
belonging to the physiologically diverse Methanosarcinales which possess acetotrophic
and methylotrophic lineages (Teske et al., 2002). The An.Meth.Ox. archaea could also
exhibit a similar physiological variability (Teske et al., 2002). This physiological
variability reflected on the phylogenetic analyses performed on these organisms allowing
for their dispersion within the phylum Euryarchaeota with close vicinity to the orders
Methanomicrobiales and Methanosarcinales (Hinrichs et al., 1999; Teske et al., 2002).
Based on biomarker evidence, AMO could also be performed by a non-identified
archaeal group with an unknown affiliation (Orphan et al., 2001b).
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The phylogenetic analysis of the sequences obtained with the Archaea- and
An.Meth.Ox.-specific primers produced almost identical tree topologies (Figure 3-32) to
those obtained previously (Hinrichs et al., 1999; Orphan et al., 2001b; Teske et al., 2002).
Two, possibly three, unaffiliated sequence clusters found within the Euryarchaeota could
be the putative anaerobic methane-oxidizing archaeal community associated with Site 32
(Figure 3-32). These clusters were positioned adjacent to the putative AMO responsible
ANME1 and ANME-2 euryarchaeal clusters and within close vicinity to the
Methanomicrobiales a n d Methanosarcinales orders (Hinrichs et al., 1999; Orphan et al.,
2001b; Teske et al., 2002). Different environments appear to harbor distinct An.Meth.Ox.
populations as indicated by the different biomarkers species detected in each environment
(Hinrichs et al., 1999; Pancost et al., 2000). These findings explain the separation that
occurred between the ANME clusters and the An.Meth.Ox. populations from the BBC
wells (Figure 3-32). Within one of the putative An.Meth.Ox. clusters, clear compositional
differences between the GW and PMSF samples were observed (Figure 3-32). The nRTPCR results also supported this observation. The An.Meth.Ox-like communities were
more abundant in the PMSF samples than the GW samples of BBC3 collected during the
months of June 2001 and 2002 and were almost equal to the peak reached during March
and August 2001 (data not shown). These results suggest that AMO was functioning
constantly and was an established metabolic process within the fracture surfaces. The
existence of Dehalococcoides sp.-like communities that were detected primarily in the
PMSF samples by the Bacteria-specific primers (Figure 3-26) would help support these
communities. While all of the sequences detected with the An.Meth.Ox.-specific primers
were retrieved only from GW samples, An.Meth.Ox can also be detected with the
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Archaea-specific primers (Orphan et al., 200 lb). Since methanogens belonging to both
Methanomicrobiales (H2 -utilizing) and An.Meth.Ox. were found to exist on the fracture
surfaces, our current model is that the archaeal microbial community on the fracture
surfaces was syntrophic. This model fits with the conclusion drawn earlier that H 2 is the
electron carrier for AMO responsible consortia (Figure 3-32), but it also adds more
controversy to the possible identity of the bacterial associate, at least in Site 32. Other
putative An.Meth.Ox BBC

sequences were

also found dispersed within the

Methanosarcinales order (Figure 3-32). One sequence (GWla4) generated by the
An.Meth.Ox.-specific primers clustered with an assumed AMO responsible sequence
(AF419643) with a 100% bootstrap value and positioned closely to the putative AMO
responsible ANME-1 cluster (Teske et al.„ 2002). These results were consistent with the
phylogenetic diversity of other putative An.Meth.Ox. communities (Teske et al.„ 2002).
If the bacterial syntrophic partner was a sulfate reducer, a possible candidate, as
suggested earlier (Figure 3-28), could be the unaffiliated (and probably novel) sequences
detected with the sulfate reducers-specific primers (Valentine and Reeburgh, 2000). Since
only indirect lines of evidence for AMO were provided in this work, further analyses are
needed to directly verify the existence of AMO in Site 32.

3.9 C onclusions
The results of this research clearly demonstrated the presence of qualitative and
quantitative differences between the groundwater and surface-associated microbial
biomass by the use of equitable unit measurements and defendable sampling regimes. In
this study, the attached microbial communities exhibited a greater degree of diversity and
abundance compared to the unattached communities. For several other environments,

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

surface-attached microbial communities are more abundant and have increased metabolic
activity than their counterparts in the surrounding aquatic medium (Costerton and
Lewandowski, 1995; Ross et al., 2001). This effect is mainly attributed to the natural
concentration of organic nutrients on solid surfaces of aquatic ecosystems that is even
further enhanced by the polysaccharides generated via the attached microbial biofilms
(Costerton and Lewandowski, 1995; Lehman et al., 2001a). Although these studies were
in different environmental settings, our results were consistent with previous studies
(Harvey et al., 1984; Koebel-Boelke et al., 1988; Godsy et al., 1992; Berkins et al., 1999).
These compositional differences between the two populations, attached and unattached,
are known to influence the biodegradation of organic contaminants (van Loosdrecht et
al., 1990). Such information is crucially important in the design of any bioremediation
strategy in similar environmental settings.
In this study, indirect evidence (real time PCR and sequence analysis) supported
the possible existence of anaerobic methane oxidation, which may provide some insight
on the possible role of molecular hydrogen in the electron transport system of the AMO
process.
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